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ABSTRACT 
Nanomaterials have attracted considerable attention in recent research due to their 
wide applications in various fields such as material science, physical science, electrical 
engineering, and biomedical engineering. Researchers have developed many methods for 
synthesizing different types of nanostructures and have further applied them in various 
applications. However, in many cases, a molecular level understanding of nanoparticles 
and their associated surface chemistry is lacking investigation. Understanding the surface 
chemistry of nanomaterials is of great significance for obtaining a better understanding of 
the properties and functions of the nanomaterials. Nuclear magnetic resonance (NMR) 
spectroscopy can provide a familiar means of looking at the molecular structure of 
molecules bound to surfaces of nanomaterials as well as a method to determine the size 
of nanoparticles in solution. Here, a combination of NMR spectroscopic techniques 
including one- and two-dimensional NMR spectroscopies was used to investigate the 
surface chemistry and physical properties of some common nanomaterials, including for 
example, thiol-protected gold nanostructures and biomolecule-capped silica 
nanoparticles.  
Silk is a natural protein fiber that features unique properties such as excellent 
mechanical properties, biocompatibility, and non-linear optical properties. These 
appealing physical properties originate from the silk structure, and therefore, the 
structural analysis of silk is of great importance for revealing the mystery of these 
impressive properties and developing novel silk-based biomaterials as well. Here, solid-
state NMR spectroscopy was used to elucidate the secondary structure of silk proteins in 
N. clavipes spider dragline silk and B. mori silkworm silk. It is found that the Gly-Gly-X 
	 ii 
(X=Leu, Tyr, Gln) motif in spider dragline silk is not in a β-sheet or α-helix structure and 
is very likely to be present in a disordered structure with evidence for 31-helix 
confirmation. In addition, the conformations of the Ala, Ser, and Tyr residues in silk 
fibroin of B. mori were investigated and it indicates that the Ala, Ser, and Tyr residues 
are all present in disordered structures in silk I (before spinning), while show different 
conformations in silk II (after spinning). Specifically, in silk II, the Ala and Tyr residues 
are present in both disordered structures and β-sheet structures, and the Ser residues are 
present primarily in β-sheet structures.  
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CHAPTER 1 
General Introduction 
1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 
1.1.1 Introduction to Nuclear Magnetic Resonance Spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a non-destructive molecular 
characterization tool that requires little perturbation of the analyzed system, while 
providing exceptional details about the structure and dynamics of molecules, and the 
chemical environments of constituent atomic nuclei. It relies on the phenomenon of 
nuclear magnetic resonance which was first observed experimentally in 1946 by Bloch et 
al at Stanford [1, 2] and Purcell et al at Harvard [3].  Over the past 50 years, NMR 
spectroscopy has bloomed into a major characterization tool in organic chemistry, 
analytical chemistry and structural biology with several revolutionary milestones such as 
Fourier transform (FT) NMR spectroscopy [4], two-dimensional (2D) NMR method [5], 
and nuclear overhauser effect (NOE) spectroscopy [6]. The Nobel Prize in Chemistry 
1991 was awarded to Richard R. Ernst for his contribution in developing FT-NMR and 
its derivatives, and the Nobel Prize in Chemistry 2002 was awarded to Kurt Wüthrich for 
demonstrating that the NOE could be exploited using two-dimensional NMR 
spectroscopy to determine the three-dimensional structures of biological macromolecules 
in solution. In recent years, with the continuous development of NMR methodology 
along with the instrument upgrade, the time efficiency of NMR experiments, particular 
multi-dimensional NMR experiments, and the signal sensitivity have been improved 
significantly, which makes it possible to investigate complicated biological systems 
within a reasonable time period. Due to this, NMR spectroscopy has become a premier 
	 2 
technique that rivals X-ray crystallography in structural biology for studying the structure 
and dynamics of proteins [7, 8]. 
1.1.2 Basic Principles of NMR Spectroscopy 
When a sample is placed in a magnet, the nuclei in the molecules generate a bulk 
macroscopic magnetization originating from the interaction of the nuclear magnetic 
moment with the applied external magnetic field. For nuclei with a non-zero spin angular 
momentum (NMR active), this interaction results in splitting energy levels according to 
the rules of quantum mechanics that is known as Zeeman splitting. For proton with spin 
I=1/2, in a magnetic field, two energy levels are defined (Figure 1.1) with an energy 
difference between two levels (∆𝐸) described by ∆𝐸 = ℎ𝛾𝐵!/2𝜋 Equation 1.1 
where 𝛾 is the magnetogyric ratio and 𝐵! is the external magnetic field. As shown in 
Figure 1.1, the lower state (labeled as α), in which the nuclear magnetic moment is 
parallel to the external magnetic field corresponds to 𝑚! = + !!, while the upper state 
(labeled as β), in which the nuclear magnetic moment is antiparallel to the external 
magnetic field corresponds to 𝑚! = − !!. The observed frequency in NMR spectroscopy 
can be expressed in terms of the magnetogyric ratio and the external magnetic field: 𝜈 = ∆𝐸/ℎ = 𝛾𝐵!/2𝜋 Equation 1.2 
where 𝜈 is the resonant frequency in hertz (Hz).  
If nuclei have the same magnetogyric ratio and are placed in exactly identical 
external magnetic fields, the observed frequencies are equal. However, this is barely the 
case in practice because the nuclei in the molecules have characteristic chemical 
	 3 
environments where the nuclei sense slightly different magnetic fields from each other. 
The ability for NMR spectroscopy to detect these small changes in the local magnetic 
field makes it a powerful technique in differentiating nuclei in the molecules with rich 
chemical environmental information encoded. 
 
Figure 1.1. Energy level diagram for spin with I=1/2 in a magnetic filed 𝑩𝟎. 
 
From an experimental standpoint, the observation of frequencies of nuclei can be 
achieved with two types of NMR spectrometers, continuous-wave (CW) NMR 
spectrometers and pulsed NMR spectrometers. CW NMR spectrometers were used 
frequently in the very early decades of NMR spectroscopy development, but soon have 
been largely replaced with pulsed NMR spectrometers due to the better sensitivity and 
signal-to-noise ratio with pulsed NMR spectrometers [8]. In pulsed NMR, a pulse is 
applied to disturb the system from equilibrium and then the response of the system to the 
disturbance was monitored. The signals from nuclei are extracted and analyzed using 
Fourier transform (FT), so pulsed NMR is also called pulsed FT-NMR. In modern NMR 
spectroscopy, numerous pulse sequences have been developed and applied for obtaining 
the structural and dynamic information of nuclei in various systems. 
∆E
E
B0
α
β
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1.1.3 Solid-state NMR Spectroscopy 
Due to the presence of anisotropic interactions in solids, the resonance in solid-
state NMR spectrum is typically broad, which limits the application of solid-state NMR 
spectroscopy in the structural analysis of molecules at the early stage of development. 
However, with some great improvement in solid-state NMR methodology such as magic-
angle-spinning (MAS) [9], cross-polarization (CP) [10, 11], advanced multiple-pulse 
sequences, and enhanced probe designs, solid-state NMR spectroscopy has been 
recognized as an invaluable tool in the structural and dynamic analysis of 
biomacromolecules like amyloids [12, 13], membrane proteins [14, 15], and silks [16, 17] 
that are typically not soluble in solutions. In addition, it has also been widely used for 
other applications in a variety of fields including chemistry, geology, and materials 
science [18-23]. The following two paragraphs introduce the basic principles of magic-
angle-spinning (MAS) and cross-polarization (CP). 
Magic-angle-spinning (MAS) was first developed by Andrew et al. in 1958 and 
has been used to enhance the sensitivity in solid-state NMR spectroscopy [9]. In 
comparison to static NMR spectroscopy, MAS NMR spectroscopy results in narrower 
resonances in NMR spectra because the anisotropic interactions in solids including 
chemical shift anisotropic interaction, dipolar coupling and quadruple coupling are 
extensively averaged under MAS. In principle, all these anisotropic interactions have an 
orientation term (3cos2θ-1)/2 (θ is the angle between the interaction vector and the 
external magnetic field) [24]. To average out the anisotropic interactions in samples, the 
axis of the sample holder (rotor) is placed at the magic angle (θ=54.74°) with respect to 
the external magnetic field in MAS NMR spectroscopy (Figure 1.2). When the rotor is 
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spun at a speed over the anisotropic interactions in Hz, the orientation-dependent 
anisotropic interactions are averaged to an integrated tensor whose orientation is along 
the rotor axis. Since the rotor is fixed at the magic angle (θ) with respect to the external 
magnetic filed, the tensor is averaged out with (3cos2θ-1)/2 equals zero. As a 
consequence, the resonance in the spectra becomes narrower [25]. However, in practice, 
the MAS speed is difficult to reach the level that averages out all the anisotropic 
interactions, the resonance obtained in MAS NMR is still broader than that in classical 
liquid NMR. Overall, with the MAS technique, the sensitivity and signal-to-noise ratio 
are significantly enhanced, which leads to a rapid development and wide application of 
solid-state NMR spectroscopy. 
 
Figure 1.2. Schematic representation of sample position in MAS NMR. 
Cross-polarization (CP) is one of the most common methods in solid-state NMR 
spectroscopy which was first discovered by Pine et al. in 1973 with the demonstration of 
CP 13C NMR spectra of solid adamantane and benzene [10]. CP is usually used for 
observing dilute spins such as 13C and 15N, where the magnetization of an abundant spin 
(I) is transferred to a dilute spin (S) via the heteronuclear dipolar coupling. In order to 
54.74o
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achieve the best transferring efficiency, in practice, the field strengths of the radio 
frequency (rf) applied to spins I and S must fulfill the Hartmann-Hahn condition [11]. A 
simple NMR pulse sequence involving CP transfer is shown in Figure 1.3A, where an 
excitation rf pulse (π/2 pulse) is applied to spin I and the generated magnetization is 
transferred to spin S through CP, which is also called spin-lock process [26]. Typically, a 
rf field with ramped-amplitude is applied to one spin to circumvent the imperfect CP 
condition induced by MAS and hardware instability. By using CP method, the signal-to-
noise ratio for the dilute spin (S) is significantly enhanced with a theoretical factor of 𝛾!/𝛾!. Additionally, CP can be used to obtain spatial information as well since it relies on 
heteronuclear dipolar coupling which is an interaction depending on the spatial distances 
of nuclei. Figure 1.3B shows a pulse sequence for obtaining spatial information using CP 
method, where the spatial information is encoded in the delay time (t1) between the 
excitation rf pulse and CP transfer. 
 
Figure 1.3. NMR pulse sequences involving CP transfer. (A) is the simplest version, while (B) is 
a modified version used for obtaining spatial information of nuclei in the sample. 
 
1.1.4 Structural Analysis of Proteins using NMR Spectroscopy 
Upon its discovery, NMR spectroscopy is well known for its strong ability in 
identifying atoms/groups involved in different chemical environments. This benefits 
organic chemistry considerably at the early stage of NMR spectroscopy since it provides 
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a convenient way to resolve structures for thousands of natural and synthetic organic 
molecules. With the discovery of multi-dimensional and dipole-dipole interaction based 
NMR spectroscopy such as correlation spectroscopy (COSY), nuclear Overhauser effect 
spectroscopy (NOESY), and heteronuclear single quantum correlation spectroscopy 
(HSQC), NMR spectroscopy has soon become a powerful and indispensable technique 
for solving structures of large molecules like proteins, which leads to a booming research 
area called protein NMR [27].  
 
Figure 1.4. Illustration of the structural and dynamic investigation of proteins using NMR 
spectroscopy. 
 
In principle, NMR spectroscopy makes three main contributions to the success of 
determining protein structures and they are summarized in Figure 1.4. First, by 
combining single and multi-dimensional NMR spectroscopies, a full list of chemical 
shifts including 1H, 13C, and 15N for every amino acid residues can be obtained. These 
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chemical shifts have strong correlations to protein secondary structures, so it makes the 
prediction of whole/local protein structure possible by assigning amino acid residues. 
Second, dipole-dipole interaction based NMR spectroscopy provides an excellent way to 
obtain distances between nearby atoms/groups that can be further used to predict or refine 
the protein structures. Third, relaxation time (T1/T2) measurements or 2H NMR 
spectroscopy can be used as a good tool for investigating the dynamics of proteins since 
the relaxation times or the 2H patterns of specific groups correlates strongly with the 
dynamics of the groups [23, 28]. 
1.2 Gold Nanoparticles 
Gold nanoparticles (AuNPs) have a rich history in chemistry, dating back to 
ancient Roman times over 2000 years ago where they were used as pigments for staining 
glasses. The modern era of AuNPs research began over 150 years ago with the work of 
Michael Faraday, who was possibly the first to illustrate the colloidal gold solution have 
different properties from bulk gold [29]. Since then, the AuNPs have fascinated scientists 
for over a century and are now widely utilized in chemistry, biology, engineering, and 
medicine [29-39]. Over the last few decades, high-yielding and reliable methods for the 
synthesis of AuNPs with different morphologies and properties have been developed [36, 
40, 41]. The synthesized AuNPs have a variety of unique properties, including size- and 
shape-dependent optical and electronic properties, a high surface area-to-volume ratio, 
surface plasmon resonance, and the abilities to be functionalized with ligands containing 
functional groups such as thiols, amines, and phosphine, which exhibit affinity to gold 
surfaces [29, 35, 36]. Due to this, AuNPs are considered as an excellent scaffold for 
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developing sensors by anchoring a variety of ligands such as oligonucleotides, proteins, 
and antibodies via functional groups [38, 42]. 
The scientific synthesis of colloidal gold nanoparticles can be traced back to 
Michael Faraday’s work in 1857, in which a gold hydrosol solution was prepared by 
reduction of an aqueous solution of chloroaurate with phosphorus dissolved in carbon 
disulfide. Later in 1951, Turkevich and coworkers developed one of the most popular 
approaches for the synthesis of AuNPs, in which citrate was used to reduce chloroauric 
acid (HAuCl4) in water [39]. In this method, citric acid acts as both reducing and 
stabilizing agent, providing Au NPs with a diameter of about 20 nm (Figure 1.5). This 
method has then been investigated and optimized by several researchers since its first 
discovery to enable high-yielding and high-quality AuNPs synthesis, and precise control 
over AuNPs sizes [43]. 
 
Figure 1.5. TEM image of AuNPs synthesized using the method developed by Turkevich and 
coworkers. 
 
During the last two decades with nanotechnology came into being, a considerable 
number of synthetic methods for AuNPs have been discovered and reported. One of the 
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most famous methods was developed by Brust and Schiffrin in 1994 [41], in which a 
two-phase synthetic strategy was created, utilizing strong thiol−gold interactions to 
protect AuNPs with thiol ligands. Briefly, AuCl4- is transferred from aqueous phase to 
organic phase (toluene) using the surfactant tetraoctylammonium bromide (TOAB). Then 
dodecanethiol is added to the organic phase to initiate the first reduction of AuCl4-, 
followed by a quick addition of strong reducing agent, sodium borohydride (NaBH4). The 
AuNPs are formed in toluene with sizes in the range of 1.5-5 nm. Due to the strong thiol-
gold interaction, these thiol-protected AuNPs feature super stability in both dry and wet 
states. This impressive property soon has attracted considerable attention in nanoscience 
community. As a result, extensive studies have been carried out on the synthesis of 
different types of thiol-protect AuNPs using ligands such as benzenethiolates [44], 
glutathione [45, 46], and DNA [42].  
Besides developing synthetic methods for AuNPs, physical characterization of 
AuNPs including the size, morphology, optical properties and surface chemistry is 
another focus in AuNPs research. Transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM) are used as primary tools to determine the sizes of AuNPs 
while UV-vis/fluorescent spectroscopy and IR/Raman spectroscopy are used for 
understanding the optical properties and surface chemistry of AuNPs, respectively. 
Recently, mass spectroscopy and single crystal X-ray crystallography have been 
demonstrated to be excellent tools for characterizing gold nanoclusters. Mass 
spectroscopy has been used for investigating the ligand density of nanostructures, 
molecular formula for molecular-like nanoclusters and charge-state of nanocluster [47-
50]. Single crystal X-ray crystallography not only can determine the size of the 
	 11 
nanostructures and but also the exact stacking patterns of atoms [44, 51-55]. However, 
this technique requires sufficient very good quality single crystals to give well-defined 
diffractions, which limits the technique to be utilized extensively. Although these 
characterization techniques can give abundant information on the sizes, surface coverage, 
optical properties, and even the crystal structures for AuNPs. The surface chemistry of 
the inorganic (Au core)-organic (ligand) interface still remains poorly understood. In 
Chapter 2, the author focuses on investigating the surface chemistry and size of AuNPs 
with advanced NMR spectroscopy techniques. The NMR spectroscopy is chosen as the 
primary technique because it is a well-suited technique for in situ analysis of chemical 
structure, surface chemistry, and dynamics.  
1.3 Silica Nanoparticles 
Silica (SiO2) is one of the most common inorganic materials on Earth and has 
been extensively investigated for decades due to its diverse properties such as 
polymorphism and biocompatibility [56, 57]. It has widespread applications ranging from 
structural materials to catalysis and as a medium for drug delivery [58-66]. Amorphous 
silica nanomaterials including fumed silica, mesoporous silica and colloidal silica 
nanoparticles are one class of synthetic silica materials, featuring small particle sizes and 
high surface areas [56, 59, 67, 68].  
       Over 40 years ago, Stöber et al. first synthesized colloidal silica nanoparticles with 
a high homogeneity in solution by means of controlled hydrolysis and condensation 
reactions [67]. The synthesis is carried out in alcoholic solutions using ammonia as a 
morphological catalyst and alkyl silicates such as tetraethyl orthosilicate (TEOS) as the 
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silicon source. By varying the ratio of water, well-defined spherical silica nanoparticles 
with a wide range of sizes can be synthesized.  
       Mesoporous silica nanoparticles is a type of nanoscale mesoporous silica developed 
in recent years that has a solid framework with porous structures and large surface area 
[59, 69]. They are typically synthesized based on the well-established Stöber method but 
with a few modifications, in which surfactants were used to generate the porosity and 
control the pore morphologies. Due to the unique properties, such as high surface area, 
tunable pore size with a narrow distribution, and good chemical and thermal stability, 
mesoporous silica nanoparticles have been widely used in various controlled release 
applications such as drug delivery [57, 60, 64].  
       Fumed silica (Cab-O-Sil) nanoparticles are another class of synthetic nanomaterials 
composed of amorphous structures with extensively high surface area and nanoscale size 
[68]. They are prepared at high temperature by hydrolyzing silicon tetrachloride vapor in 
a flame followed by rapid quenching to room temperature. Many studies have been 
carried out on the surface chemistry at fumed silica nanoparticle interfaces because of the 
considerable utility of high surface area amorphous silicates [70-73]. These studies have 
shown that the surface chemistry of fumed silica nanoparticles is very different from 
mesoporous and colloidal silica nanoparticles due to the presence of metastable strained 
ring structures in fumed silica that result from the fast quenching during the synthesis of 
the material in a flame. This unique property has been found to closely relate with the 
high surface reactivity of the fumed silica nanoparticles [74]. 
       During the past decades, silica nanomaterials have been studied extensively from 
experimental synthesis to structural characterization to biomedical applications [57]. 
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Additionally, the adsorption and thermal condensation of amino acids on silica 
nanomaterials have attracted considerable attention in recent years, which is thought to be 
the very first step towards understanding the interaction between biomolecules and silica 
nanomaterials including the varying toxicity of different silica nanoparticle types [74]. 
According to the literature review, considerable experimental studies have been carried 
on mesoporous and colloidal silica nanomaterials, but very limited effort has been put on 
understanding the behaviors of amino acid on fumed silica nanoparticles. In Chapter 3 
and Chapter 4, the author focuses on the investigations of alanine and lysine on fumed 
silica nanoparticles by NMR spectroscopy, respectively, including the adsorption and 
thermal condensation of the amino acids at the interfaces. 
1.4 Silk Materials 
1.4.1 General Introduction to Silk Materials 
       Silks are generally defined as protein polymers that are produced naturally by some 
Lepidoptera larvae such as silkworms, spiders, scorpions, and flies. Silkworm silk and 
spider silk are the most studied and widely used, and are excellent materials for 
biomedical applications such as drug delivery and tissue engineering because of their 
biocompatibility, biodegradability, and extraordinary mechanical properties [58]. Spider 
silks are known as the strongest and toughest natural fibers, possessing unrivalled 
extensibility and high tensile strength. Silkworm silk has been used as suture material for 
centuries and recently has gained considerable attention as a biomaterial with various 
medical applications due to its slow rate of degradation in vivo and its ability to be 
fabricated into multiple types of materials such as fibers, films, gels, and foams [59]. 
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1.4.2 Spider silk 
Spider silk is produced by spiders, ancient arachnids that have evolved for over 
400 millions years [75]. Orb-weaving spiders like Nephila clavipes can produce up to 
seven different types of silks that originate from different abdominal glands [76, 77]. 
These silks vary widely in morphologies and mechanical properties and have been 
optimized for performing specific functional roles [78-81]. Major ampullate (MAA) silk, 
also called dragline silk, and minor ampullate (MIA) silk are used to construct the frame 
and radii of the web, respectively [82]. Flagelliform silk is used for making the core 
filaments of the orb web’s capture thread [78]. The capture thread filaments are coated 
with another type of ‘silk’ originating from the aggregate gland, which is not a hard 
filament but an aqueous solution of small and highly hygroscopic peptides as well as 
sticky glycoproteins. The web threads are anchored to the vegetation and affixed to one 
another by a type of silk cement from the pyriform glands. Additionally, the egg sack of 
the spiders is constructed by very fine silk filaments originating from the tubuliform or 
cylindriform gland and one type of aciniform gland, while another type of aciniform 
filament is used for a multitude of other purposes such as strengthening the cement 
matrix [77]. 
       Among all types of spider silks, dragline silk, is the toughest one with extraordinary 
strength that exceeds most of the man-made materials and even stronger than steel by 
weight, together with the impressive extensibility (Table 1.1). It is used not only to 
construct the outer frame and radii of the orb-shaped web but also as a hanging lifeline 
that allows the spider to evade and/or escape from predators. Due to the impressive 
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mechanical properties, dragline silk has been extensively studied in recent decades [16, 
76, 83-88]. 
Table 1.1. Comparison of mechanical properties of silk materials and other materials 
Materials 
Young’s modulus 
(GPs) 
Ultimate strength 
(MPa) 
Breaking strain 
(%) 
Toughness 
(MJ/m3) 
Ref. 
Spider dragline silk 
(Nephila clavipes) 10.9 875 16.7 - [81] 
Spider dragline silk 
(Araneus) 10 1100 27 160 [82] 
Silkworm silk 
(Bombyx mori) 10-17 300-740 4-26 70-78 [89, 90] 
Collagen 0.0018-0.046 0.9-7.4 24-68 - [91] 
Wool 0.5 200 50 60 [82] 
Nylon 1.8-5 430-950 18 80 [82] 
Kevlar 49TM 130 3600 2.7 50 [82] 
 
      The core constituents of dragline silk are two fibrous proteins produced in the 
major ampullate gland that are called major ampullate spidroin 1 (MaSp1) and major 
ampullate spidroin 2 (MaSp2), and each has a molecular weight of 250-350 kDa [79, 88]. 
Figure 1.6 shows the known partial sequences of MaSp1 and MaSp2 proteins in N. 
clavipes dragline silk, which is the major focus of spider silk research in recent years, as 
well as the focus in this thesis.  
MaSp1 
QGAGAAAAAAGGAGQGGYGGLGGQGAGQGGYGGLGGQGAGQGAGAAAAAAAGGAGQG
GYGGLGSQGAGRGGQGAGAAAAAAGGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAAA
GGAGQGGYGGGNQGAGRGGQGAAAAAAGGAGQGGYGGLGSQGAGRGGLGGQGAGAAA
AAAGGAGQGGYGGLGGQGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAAAGGAGQGGL
GGQGAGQGAGASAAAAGGAGQGGYGGLGSQGAGRGGEGAGAAAAAAGGAGQGGYGGLG
GQGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAGGAGQGGLGGQGAGQGAGAAAAAAGG
AGQGGYGGLGSQGAGRGGLGGQGAGAVAAAAAGGAGQGGYGGLGSQGAGRGGQGAGAA
AAAAGGAGQRGYGGLGNQGAGRGGLGGQGAGAAAAAAAGGAGQGGYGGLGNQGAGRGG 
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QGAAAAAGGAGQGGYGGLGSQGAGRGGQGAGAAAAAAVGAGQEGIRGQGAGQGGYGGL
GSQGSGRGGLGGQGAGAAAAAAGGAGQGGLGGQGAGQGAGAAAAAAGGVRQGGYGGLG
SQGAGRGGQGAGAAAAAAGGAGQGGYGGLGGQGVGRGGLGGQGAGAAAAGGAGQGGY
GGVGSGASAASAAASRLSSPQASSRVSSAVSNLVASGPTNSAALSSTISNVVSQIGASILVFLDV
MSSFKLFSRLFLLLSRS 
 
MaSp2 
PGGYGPGQQGPGGYGPGQQGPSGPGSAAAAAAAAAAGPGGYGPGQQGPGGYGPGQQGP
GRYGPGQQGPSGPGSAAAAAAGSGQQGPGGYGPRQQGPGGYGQGQQGPSGPGSAAAAS
AAASAESGQQGPGGYGPGQQGPGGYGPGQQGPGGYGPGQQGPSGPGSAAAAAAAASGP
GQQGPGGYGPGQQGPGGYGPGQQGPSGPGSAAAAAAAASGPGQQGPGGYGPGQQGPGG
YGPGQQGLGPGSAAAAAAAGPGQQGPGGYGPGQQGPSGPGSAAAAAAAAAGPGGYGPGQ
QGPGGYGPGQQGPSGAGSAAAAAAAGPGQQGLGGYGPGQQGPGGYGPGQQGPGGYGPG
SASAAAAAAGPGQQGPGGYGPGQQGPSGPGSASAAAAAAAAGPGGYGPGQQGPGGYAPG
QQGPSGPGSASAAAAAAAAGPGGYGPGQQGPGGYAPGQQGPSGPGSAAAAAAAAAGPGG
YGPAQQGPSGPGIAASAASAGPGGYGPAQQGPAGYGPGSAVAASAGAGSAGYGPGSQASA
AASRLASPDSGARVASAVSNLVSSGPTSSAALSSVISNAVSQIGASNPGLSGCDVLIQALLEIVSA
CVTILSSSSIGQVNYGAASQFAQVVGQSVLSAF 
 
Figure 1.6. Partial MaSp1 and MaSp2 primary sequences for N. clavipes dragline silk. The 
poly(Ala) and poly(Gly-Ala) motif are highlighted in red, indicating the sequence forming –sheet 
structures in silk. Gly-Gly-X or Gly-X-Gly (X=Gln, Tyr, Leu) motifs in MaSp1 and Gly-Pro-Gly 
motif in MaSp2 are highlighted in blue and green, respectively. 
 
       Both proteins contain a large, central, repetitive domain that consists of 
approximately 100 tandem copies of a 30 to 40 amino acid repeat sequence. For MaSp1, 
the consensus repeat includes poly(Ala), poly(Gly-Ala), Gly-Gly-X or Gly-X-Gly 
(X=Gln, Leu, Tyr) motifs and very low proline content. In contrast, the MaSp2 consensus 
repeat has significant proline content and characteristic motifs such as Gly-Pro-Gly-X-X 
(X-X = Gln-Gln, Gly-Tyr). A combination of NMR spectroscopy and X-ray diffraction 
(XRD) has illustrated that each type of repetitive motifs form distinct secondary structure 
and the basic unit of the fiber assemblies [16, 76, 83-88, 92]. It is these secondary 
structures formed by different types of repetitive sequences provide the elasticity and 
toughness for spider silk. Specifically, ploy(Ala) and ploy(Gly-Ala) form β-sheet 
(dominated by antiparallel) structures and these β-sheet structure are organized into 
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nanocrystallites with a approximate size of 2×5×7 nm [86, 93]. Simulation study has 
indicated that the hydrogen bonds in the noncrystalline domains together with the highly 
ordered organization of the nanocrystallites are responsible for silk strength [94]. In 
addition, Gly-Gly-Ala motif in MaSp1 and Gly-Pro-Gly-X-X motif in MaSp2 have been 
characterized to be present in 31-helical and type II β-turn structures, respectively, and 
they are thought to construct the amorphous domains in silk fibers [84, 92]. A general 
microstructural picture of spider silk is shown in Figure 1.7.  
  With a goal of understanding the reasons of silks’ incredible mechanical property, 
considerable efforts have been made to understand the molecular structure of spider silk 
using different characterization techniques including NMR spectroscopy, X-ray 
diffraction, and vibrational spectroscopy. However, the clear structures of Gly-Gly-X 
(X=Leu, Tyr, Gln) motifs in MaSp1 other than Gly-Gly-Ala have not been well 
understood yet. In Chapters 5, the author focuses on elucidating the secondary structure 
of the Gly-Gly-X (X=Leu, Tyr, Gln) motifs in MaSp1 by using advanced solid-state 
NMR spectroscopy. 
 
Figure 1.7. Illustration of microstructural model for spider silk. 
Crystalline Domain Amorphous Domain 
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1.4.3 Silkworm silk 
       Silks have been used commercially in textile production for centuries and it is 
recognized as one of the most studied protein-based materials in history. Among all 
different kinds of silks, the silk spun from the domesticated Bombyx mori (B. mori) 
silkworm is the most extensively produced silk that has been used in textile industry 
nowadays with an estimated worldwide annual production of more than 200000 tons 
according to report by International Sericultural Commission (Figure 1.8). Although the 
main economic impact is concentrated in China, India, and Uzbekistan recently, it is 
expected to see a worldwide impact in the near future because of the ongoing rapid 
development of silk-based products and materials. 
 
Figure 1.8. Total production of silk over the world within the most recent six years. 
 
       Over the past 70 years, researchers from a wide range of fields including chemistry, 
physics, biology, and engineering have been attracted by silkworm silk and considerable 
effort has been put into understanding the properties, structures, and applications of 
silkworm silk as evidenced by a booming of research publications on silk related topics	
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[16, 17, 95-101]. Among all studies, a majority of work focuses on B. mori silk since it is 
a domesticated silkworm with a large annual production and a popular use in textile 
industry for centuries. 
  The Bombyx mori cocoon is composed of a raw silk fiber with 700-1500 m in 
length and 10-20 µm in diameter. The raw silk fiber consists of two parallel fibroin fibers 
held together with a layer of sericin on their surfaces [89]. Upon degumming the cocoon 
and removing the sericin, soft and shiny fibroin fibers can be obtained and this is the 
primary material used in the textile industry. Moreover, it is worthy to note here that most 
research has been carried on fibroin fibers rather than raw cocoons. According to 
literature, fibroin fibers have a combination of excellent mechanical properties, unique 
optical properties, attractive biocompatibility, biodegradability, and thermal stability. Due 
to this, they has been recognized as one of the most ideal natural materials for developing 
man-made biomaterials and offer unlimited opportunities for functionalization and 
biological integration. B. mori silk fibers show impressive mechanical properties when 
controllably spun, where the mechanical properties of fibers (strength: 1 GPa, failure 
strain: 20%) have been shown to be nearly as impressive spider dragline silk [89]. 
Recently, researchers have shown that silk fibroin can be utilized and processed into a 
variety of material formats including films, hydrogels, sponges, nano- and micro-scale 
fibers, and microspheres [99-101]. 
      Silk fibroin consists of a heavy (H) chain of 390 kDa and a light (L) chain of 26 
kDa connected by a disulfide bond at the C-terminus of H-chain, forming a H-L complex. 
The H-L complex also binds a glycoprotein named P25 (30 kDa) in a ratio of 6:1 via 
hydrophobic interactions to form an elementary micellar unit [102-104]. In silk fibroin, 
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the H-chain serves as the main structural component responsible for the excellent 
mechanical properties due to its ability to form different kinds of secondary structures, 
which could further organized into nano/micro hierarchy structures via molecular 
assembly [105]. L-chain plays little mechanical role overall as its size is much smaller 
than H-chain, and additionally, no significant secondary structures were identified for L-
chain. The amino acid composition of the heavy chain (in mol%) is dominated by four 
amino acids: Gly (46%), Ala (30%), Ser (12%), and Tyr (5.3 %) [106]. The protein 
sequence of the heavy chain contains a large number of repetitive sequences that are 
organized into 12 domains and the amino acid sequence of one domain is shown in 
Figure 1.9. According to the literature, the repetitive sequences can be roughly classified 
into three primary motifs: (1) a highly repetitive GAGXGA (X=S, Y, V) sequence that 
makes up the bulk of the crystalline/semi-crystalline regions [107, 108]; (2) a relatively 
less repetitive GAAS sequence, which may serve as a “sheet-breaking” motif [109]; (3) a 
sequence used to separate the domains and form the amorphous regions in fibroin fibers, 
e.g., TGSSGFGPYVANGGYSGYEYAWSSESDFGT. It is presumed that the excellent 
mechanical properties of silk fibers are closely related to the secondary structures of these 
characteristic sequences in silk fibroin, which are further organized into hierarchical 
structures. So obtaining a clear molecular picture of the secondary structures in silk 
fibroin is very critical for interpreting the superior nature of silk fibroin properly. 
GAGAGSGAGAGAGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGYGAGAGSGTGSG
AGAGSGAGAGYGAGVGAGYGAGAGSGAAFGAGAGAGAGSGAGAGSGAGAGSGAGA
GSGAGAGSGAGAGYGAGYGAGVGAGYGAGAGSGAASGAGAGSGAGAGSGAGAGSG
AGAGSGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAASGAGAGSGA
GAGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGSGAGAGYGAGAGSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESDFGTGS (Linker) 
Figure 1.9. Primary sequences of one domain in B. mori silk fibroin. 
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       The secondary structure of silk fibroin has been studied extensively with a variety 
of techniques including X-ray diffraction [105, 110-117], solid-state NMR spectroscopy 
[16, 17, 97, 107-109, 118-138], and vibrational spectroscopy [110, 139-146] over the past 
decades. The combination of these structural characterization techniques has illustrated 
that in silk fibers, GAGAGS motif and GAGAGY motif flanking the GAGAGS 
repetitive sequences form β-sheet structures and are further organized to form β-sheet 
nanocrystallites, while in liquid silk before spinning GAGAGX (X=S, Y, V) was 
hypothesized to be in type II β-turn structures [147]. According to the review on 
previously reported studies, it is found that very limited effort has been put on elucidating 
the structural features of the Tyr residues in comparison to the extensive studies on the 
Gly, Ala, and Ser residues which are frequently found in the (GA)n and GAGAGS 
repetitive sequences. A thorough study is necessary to get a clear structural understanding 
on the Tyr residues since tyrosine is very likely to play important roles in the structure 
and dynamics of silk fibroin because of its unique side chain structures. In Chapter 6, the 
author focuses on understanding the structural role of the Tyr residues in silk fibroin, 
together with a brief structural investigation on the Ala and Ser residues with advanced 
solid-state NMR spectroscopy. 
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CHAPTER 2 
Characterizing Gold Nanoparticles by NMR Spectroscopy 
2.1 Introduction 
 Noble metal nanomaterials, such as gold/silver nanomaterials have been studied 
extensively in recent years because of their wide applications in catalysis, surface-
enhanced Raman scattering, biological imaging, drug delivery, and cancer therapy [1-11]. 
Gold nanoparticles (AuNPs) can be synthesized and functionalized with a variety of 
ligands through Au-S chemical bonds or electrostatic interaction [2, 12-22]. These 
ligands control the nucleation and growth of nanoparticles and provide chemical and 
colloidal stability as well [2, 22-24]. Besides developing synthetic methods for AuNPs, 
physical characterization of AuNPs including the size, morphology, optical property and 
surface chemistry is another focus in AuNPs research. Many techniques have been 
developed in the past decades and utilized to investigate the morphologies, structures, 
optical properties and surface chemistry of nanoparticles [2, 25, 26]. Transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM) are able to 
determine the size and to investigate morphology while optical spectroscopies such as 
UV-vis spectroscopy, fluorescent spectroscopy, Raman spectroscopy, and IR 
spectroscopy are used for understanding the optical properties and surface chemistry of 
gold nanomaterials. Recently, mass spectroscopy and single crystal X-ray crystallography 
have been demonstrated to be excellent tools for characterizing gold nanoclusters. Mass 
spectroscopy has been used for investigating the ligand density of nanostructures, 
molecular formula for molecular-like nanoclusters and charge state of nanoclusters [27-
30]. Single crystal X-ray crystallography not only can determine the size of 
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nanostructures but also the exact stacking patterns of atoms [5]. However, this technique 
requires sufficient very good quality single crystals to give well-defined diffractions, 
which limits the technique to be utilized extensively. Until recently, only the structures of 
Au23(SC6H11)16 [31], Au25(PET)18 [32], Au25(SEt)18 [33], Au28(TBBT)20 [34], Au36(SPh-
tBu)24 [35], Au38(SR)24 [36], and Au102(p-MBA)44 [37] has been successfully determined 
by X-ray crystallography. Comparing with all these techniques, nuclear magnetic 
resonance (NMR) spectroscopy has been demonstrated to be a universal and versatile 
technique for the characterization of nanomaterials [38, 39]. One- and multi-dimensional 
NMR spectroscopy combined with homo- and hetero-nuclear NMR spectroscopy 
provides considerable methods for characterizing nanostructures including purity, ligand 
density and surface chemistry [29, 40-47]. Furthermore, diffusion-ordered NMR 
spectroscopy (DOSY) [48] is able to determine the size of nanoparticles in solution state 
[15, 49-51].  
In this work, we demonstrate that NMR spectroscopy can be applied as a 
universal tool for characterizing different types of gold nanoparticles, determining the 
purity, size, structure of ligands, and Au/ligand ratio. Briefly, 1H direct, two-dimensional 
(2D) correlation spectroscopy (COSY), and 2D heteronuclear single quantum correlation 
(HSQC) spectroscopy were performed to investigate the ligand structures on the surfaces 
and to determine the purity and Au/ligand ratio. DOSY was applied to measure the 
diffusion coefficient of ligands binding to the nanostructures, which is further used to 
estimate the diameter of nanoparticles. By combining different kinds of NMR 
spectroscopy techniques, the purity, size and surface chemistry of gold nanoparticles can 
be characterized very efficiently in time and cost. 
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2.2 Materials and Methods 
2.2.1 Chemicals and Materials 
Gold(III) chloride hydrate (HAuCl43H2O, 99.999 %), octanethiol (C8H17SH, 
98.5%), tetraoctylammonium bromide (TOAB, 98%), sodium borohydride (NaBH4, ≥ 
99%), L-glutathione, reduced (≥ 99%, Aldrich), toluene (ACS reagent, ≥ 99.5 %), 
methanol (ACS reagent, ≥ 99.8 %), ethanol (ACS reagent, ≥ 99.5 %), acetonitrile (ACS 
reagent, ≥ 99.5 %), and  isopropyl alcohol (ACS reagent, ≥ 99.5 %) were purchased from 
Sigma Aldrich and all chemicals were used as received. Deuterated chloroform (CDCl3, 
99.9%) and deuterated water (D2O, 99.9%) were purchased from Cambridge Isotope Inc. 
and was used as received. 
2.2.2 Synthesis of Octanethiol-capped Gold Nanoparticles (C8H17S-AuNPs) 
C8H17S-AuNPs were prepared as follows. Briefly, an aqueous solution of 
HAuCl43H2O (39.4 mg, 0.10 mmol, 5 mL, 1 equiv) was mixed with a solution of TOAB 
in toluene (136.7 mg in 5 mL, 0.25 mmol, 2.5 equiv). The two-phase mixture was rapidly 
stirred until Au3+ was all transferred to the organic phase to give a wine-red solution. The 
[TOA][AuX4] was produced with a mix of Cl- and Br- ions. After removing the aqueous 
phase, the organic phase was cooled to ~ 0 °C in the ice bath, followed by adding in 
C8H17SH (70 µL, 0.40 mmol, 4 equiv). The solution was then slowly stirred for about 2 
hours until the solution became clear. A freshly prepared ice-cold aqueous solution of 
NaBH4 (2 mL, 0.5 mol/L, 1.0 mmol) was added to the reaction mixture with vigorous 
stirring. After 3 h of reaction, the ice-bath was removed, and the solution was 
continuously stirred for over 24 h. The long aging time will influences the purity and 
yield of Au clusters markedly. After reaction was done, the organic phase was separated 
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out and dried under vacuum. The dry product was then washed with methanol and 
ethanol three times respectively to remove excess thiols and byproducts. The pure 
C8H17S-AuNPs were extracted with pure chloroform.  
2.2.3 Synthesis of Glutathione-capped Gold Nanoparticles (GS-AuNPs) 
In a typical synthesis, an aqueous solution of 20 mM HAuCl4 (5 mL) and 50 mM 
glutathione (GSH, 3 mL). The mixture was then vigorously stirred for 2 min until the 
yellowish solution turned cloudy. After being stirred, 1.0 mL 1.0 M NaOH was added to 
the solution to adjust the pH to basic condition, which made the color of the solution turn 
clear yellow. Thereafter, diluted 40 µL of NaBH4 (35 mM) was slowly added dropwise. 
The solution slowly turned orange in the first several minutes. After stirring for 30 mins, 
1.0 mL 1.0 M HCl was introduced to the solution to readjust the pH to acidic condition, 
which quench the BH4- activity and stirred slowly (150 rpm) for overnight at room 
temperature. The GS-AuNPs were purified from the raw product using water-IPA 
mixtures. Typically, the raw solution was mixed with 12 mL IPA to induce the 
precipitation of the byproducts. After that, the supernatant fluid was separated by 
centrifugation and 2.0 mL of IPA was added to the supernatant to induce additional 
precipitation. Then the GS-AuNPs were further extract from the precipitation using 
ultrapure water. 
2.2.4 TEM and UV-vis Spectroscopy Characterizations 
TEM images were taken using CM200-FEG high-resolution transmission electron 
microscope operating at a bias voltage of 200 kV. The TEM samples were prepared by 
evaporating diluted nanoparticle solution on the carbon-coated copper grid. Images were 
analyzed using ImageJ software. UV-vis and luminescence spectra were collected using 
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Vernier UV-vis spectrometer and 1.0 mL of diluted solution was used in each 
experiment. 
2.2.5 Thermal Gravimetric Analysis (TGA) 
TGA experiments were performed on a TA2910 (TA Instrument Inc.) under N2 
flow (40 mL/min for furnace and 30 mL/min for balance). The heating rate was 5 °C/min, 
and 1-2 mg of the sample was used. Before experiment, the sample was kept under a N2 
flow for 10 min to remove most of the physisorbed water and obtain a stable baseline. 
2.2.6 NMR Spectroscopy 
The gold nanoparticles and pure thiols were dissolved in deuterated solvents, 
resulting in 600 µL solution for each sample. All NMR tubes were flame sealed to 
prevent solvent evaporation and concentration change during the characterization. 
Nuclear magnetic resonance (NMR) analysis was conducted on a Varian 500 
spectrometer equipped with 1H/13C/15N 5 mm XYZ PFG triple-resonance probe using 
standard VNMRJ software. All experiments were performed with 1H 90° pulse of 7.30 µs 
and 13C 90° pulse of 31.0 µs at 298.15 K. One dimensional (1D) 1H spectra were 
collected with a sweep width of 8012.8, an acquisition time of 2.045 s, a recycle delay of 
2.5 s, and 128 scans and 8 scans for gold nanoparticles and pure thiols respectively. In the 
quantitative NMR experiment, 64 scans and a recycle delay of 60 s were applied and the 
measurement was repeated three times. 1H-1H gradient correlation spectroscopy 
(gCOSY) were performed with a sweep width of 8012.8 Hz, an acquisition time of 150 
ms, 128 points in the indirect dimension and 128 scans per increment, a recycle delay of 
1 s. 1H-13C gradient heteronuclear single quantum correlation (gHSQC) spectroscopy was 
performed with a sweep width of 8012.8 Hz, an acquisition time of 150 ms, 128 points in 
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the indirect dimension and 512 scans per increment, a recycle delay of 1 s. Diffusion 
ordered NMR spectroscopy (DOSY) measurements were performed with DOSY bipolar 
pulse pair stimulated echo (dbppse) pulse sequence [48]. A pulsed gradient duration δ of 
2.0 ms incremented from 2.9 to 64.8 G cm-1 in 32 steps and a pulsed gradient separation 
Δ of 50 ms were used in the measurements. The spectra were collected with a sweep 
width of 8012.8 Hz, an acquisition time of 2.045 s, 32 scans, and a recycle delay of 10 s. 
The reported spectra and diffusion coefficients were obtained using the DOSY toolbox in 
VNMRJ software. A viscosity (η) value of 0.537 mPa and a self-diffusion coefficient 
value of 2.23 × 10-9 m2 s-1 were used for chloroform and a viscosity (η) value of 0.890 
mPa and a self-diffusion coefficient value of 2.300 × 10-9 m2 s-1 were used for water in 
gradient field calibration and diffusion coefficient calculations for gold nanoparticles 
samples at 298.15 K [52].  
2.3 Results and Discussion 
2.3.1 Synthesis of Gold Nanoparticles 
In this work, two types of thiol-capped gold nanoparticles, C8H17S-AuNPs and 
GS-AuNPs were prepared. However, their physical and chemical properties are 
significantly different, C8H17S-AuNPs are organic solvent favorable AuNPs while GS-
AuNPs are water-soluble and biocompatible AuNPs because glutathione is a tri-peptide 
(Gly-Cys-Glu). These two types of AuNPs were prepared in this work for better 
demonstrating the general concept that NMR spectroscopy can be applied to characterize 
gold nanoparticles regardless of their physical and chemical properties. More than that, 
GS-AuNPs have great potential in biomedical imaging and drug delivery research due to 
its biocompatibility and unique luminescent properties [53, 54]. However few NMR 
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investigations have been carried out on this material. In this work, we show some NMR 
studies on the luminescent GS-AuNPs.  
 
Figure 2.1. UV-Vis spectra of purified C8H17S-AuNPs and GS-AuNPs (solid lines). 
Luminescence spectrum of GS-AuNPs (red dashed) with an excitation wavelength of 500 nm. 
Inset shows the pictures of GS-AuNPs under room light (a) and UV light (365 nm) (b). 
 
 
 
 
Figure 2.2. TEM images of C8H17S-AuNPs (a) and GS-AuNPs (b) respectively. 
 
(a) (b) 
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Figure 2.3. 1H NMR spectra of (a) C8H17SH and C8H17S-AuNPs and (b) GSH and GS-AuNPs. * 
notes the water (1.56 ppm) and isopropyl alcohol (1.1 ppm). 
 
The as-prepared AuNPs were characterized with UV-vis/luminescent 
spectroscopy, TEM and 1H NMR spectroscopy to verify the success of the synthesis and 
the purity of the materials (Figure 2.1-2.3). From the UV-vis absorption spectra (Figure 
	 42 
2.1), C8H17S-AuNPs showed step-like multiple bands, indicating it is semiconducting and 
no surface plasmon resonance (SPR) band can be observed clearly in the optical spectra 
[49]. For GS-AuNPs, two absorption peaks were observed (450 nm and 515 nm) which is 
in good agreement with the characteristic values for luminescent gold nanoclusters 
reported in previous literatures [14, 17, 54]. Furthermore, the GS-AuNPs show red 
emitting under UV light of 365 nm and the luminescent spectrum was collected in this 
work. The emission wavelength was determined to be a broad band with a peak value of 
700 nm. TEM was carried out to determine the size and investigate the morphologies of 
the AuNPs as well. Both kinds of AuNPs have a well-defined spherical shape with 
diameters of 2.50 ± 0.49 nm and 1.76 ± 0.47 nm for C8H17S-AuNPs and GS-AuNPs 
respectively (Figure 2.2). The diameters of AuNPs were determined by analyzing 100 
particles for each sample in corresponding TEM profiles. 1D 1H NMR spectroscopy was 
applied to check the purity of the prepared AuNPs and further obtain some chemical shift 
information of the ligands binding to the AuNPs (Figure 2.3). The results indicate that 1H 
resonances of thiols binding to the AuNPs surfaces were significantly broadened or 
shifted or even completely disappeared for both types of AuNPs. For C8H17S-AuNPs, 
The 1H resonances of the protons attached to C1 completely disappeared and the 1H 
resonances of the protons attached to C2 was shifted and seriously broadened. For other 
protons, they showed little chemical shift changes but significant broadening comparing 
to the pure thiol. The chemical shift change is due to the structure change of capping 
groups, in which C8H17SH forms Au-S with interfacial gold atoms by eliminating one 
proton. This affects protons attached to C1 and C2 primarily. The NMR resonance 
broadening is primarily due to the distribution of the chemical environment (such as 
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C8H17S-Au bonding) and this has been studied and discussed in details in previous 
research [40, 41]. For GS-AuNPs, besides the chemical shift changes for some protons 
and resonance broadening, the protons attached to C8 showed significant resonance shift, 
and multiple splitting peaks in a broad chemical shift range, indicating the multiple 
chemical environment of the GS- ligands at the gold nanoparticles interfaces. The similar 
results were observed in previous work for Au25(SG)18 nanoparticles and this is attributed 
to the chirality of the ligands at the interfaces [53]. Briefly, after combining the optical 
spectroscopy, TEM, and 1D 1H NMR spectroscopy, we conclude that small pure 
spherical C8H17S-AuNPs and GS-AuNPs were successfully prepared.  
2.3.2 Surface Chemistry and Ligand Structures at the Interfaces 
In this work, 2D NMR spectroscopy was performed to investigate the surface 
chemistry at the interfaces of the AuNPs. Figure 2.4 shows 1H-1H COSY and 1H-13C 
HSQC NMR spectra of thiol-capped AuNPs. 1H 1D spectra indicated previously that 1H 
resonances of ligands were broadened or shifted at the interfaces due to the chemical shift 
anisotropic effect on AuNPs surfaces. Furthermore, for GS-AuNPs, some 1H resonances 
show splitting patterns. To understand the splitting patterns and to obtain more chemical 
shift information for other nucleus such as 13C, 2D NMR spectroscopies were utilized in 
this work and the results are summarized in Table 2.1. For C8H17S-AuNPs, CH3 group 
has a 1H resonance of 0.9 ppm and a 13C resonance of 14.2 ppm. Most CH2 groups (C3-
C7) have 1H resonances of around 1.3 ppm and 13C resonances varying from 22.9 ppm to 
32.2 ppm (Table 2.1). 1H-1H COSY NMR experiment further showed a strong correlation 
between CH3 group and CH2 groups of the thiol ligand. According to 1H-13C HSQC 
NMR spectrum, the C2 group can also be detected, indicating a broad 1H resonance of 
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1.80 ppm and 13C resonance of 35.9 ppm. For GS-AuNPs, according to the results, C7 
and C8 groups of the ligand have multiple 1H and 13C resonances respectively. The 
multiple 13C resonances for a single group indicate that the surface GS- ligands exhibit 
multiple chemical environments and may have different types of chemically distinct 
thiolate-gold binding modes. The 1H resonance splitting of the 3.3/3.6 (ppm) pair, 3.4/3.6 
(ppm) pair, 2.9/3.2 (ppm) pair, and 3.2/3.4 (ppm) pair is caused by the nearby chiral 
carbon (C8). Due to the size distribution of the synthesized gold nanoparticles and 
complexity of the molecular structure of gold nanoclusters, the in-depth investigation of 
the binding modes and chirality-induced splitting was not carried out in this work. 
However, this idea has been demonstrated and investigated thoroughly on some well-
defined gold nanoparticles in previous reported literatures [29, 53].  
The Au/thiol (Au/SR) ratio of AuNPs can be also obtained with NMR 
spectroscopy. In this work, we used DMSO as the internal reference to determine the 
Au/thiol ratio of purified C8H17S-AuNPs since the 1H resonances of DMSO (2.6 ppm) 
and –SR ligand are well separated in the 1H NMR spectrum. The Au/SR ratio can be 
determined according to following equations.  
Table 2.1. Summary of 1H and 13C resonances of thiol-capped AuNPs 
 
Group 
C8H17S-AuNPs GS-AuNPs 
1H (ppm) 13C (ppm) 1H (ppm) 13C (ppm) 
2 1.80 35.9 - - 
3 1.30 a 29.9 a 3.91 53.2 
4 1.30 a 29.9 a 2.20 25.9 
5 1.30 a 29.9 a 2.61 31.5 
6 1.27 32.2 - - 
7 1.29 23.0 4.72 50.5, 52,5, 56.5 
8 0.89 14.2 2.95 – 3.65 33.5, 35.5, 50.5 
11 - - 3.99 41.3 
   a. broad peak with multi groups. 
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Figure 2.4. 1H-1H COSY NMR spectra of C8H17S-AuNPs (a) and GS-AuNPs (c), and 1H-13C 
HSQC NMR spectra of C8H17S-AuNPs (b) and GS-AuNPs (d) respectively. In HSQC spectra, red 
indicates CH2 group while black indicates the CH or CH3 groups. * notes for the water and 
solvent peak. 
 𝑟𝑎𝑡𝑖𝑜 𝐴𝑢/𝑆𝑅 = 𝑀𝑤(𝑆𝑅)/𝑀(𝐴𝑢) ∗ (𝑚 𝐴𝑢𝑁𝑃 /𝑚(𝑆𝑅)− 1)  Equation 2.1 𝑚 𝑆𝑅 = 2 ∗ 𝑟(𝐶𝐻!) ∗𝑀𝑤 𝑆𝑅 ∗𝑚(𝐷𝑀𝑆𝑂)/𝑀𝑤 𝐷𝑀𝑆𝑂    Equation 2.2 
In this work, 4.04 mg dried purified C8H17S-AuNPs and 2.44 mg DMSO were 
used for preparing the NMR sample and 1D 1H NMR spectrum was collected after 
sealing the NMR tube. The mass of the ligand on the surface can be calculated by using 
(a) 
(c) 
(b) 
(d) 
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the Eqn. 2.2. r CH!  is the 1H ratio of the methyl group in C8H17S-AuNPs to that in the 
DMSO and it was estimated to be 0.105 according to the 1H NMR spectrum (Figure 2.5). 
So the Au/SR ratio was calculated to be 2.39. According to the TGA profile of purified 
C8H17S-AuNPs (Figure 2.8a), the weight loss was calculated to be 23.2 wt %. Hence, the 
Au/SR ratio is estimated to be 2.44, which is in good agreement with the quantitative 
NMR result.  
 
Figure 2.5. 1H NMR spectrum of purified C8H17S-AuNPs with DMSO at 298 K. * is the water 
peak. 
 
2.3.3 Determination of Hydrodynamic Size Using DOSY 
The diffusion coefficient of nanoparticles in solution can be well determined by 
measuring the diffusion coefficient of ligands that are covalently bonded to the surfaces 
of nanoparticles by diffusion ordered NMR spectroscopy (DOSY). If the diffusion 
coefficient is determined, the hydrodynamic size of the nanoparticles can be then 
calculated by using the Stokes-Einstein equation. Diffusion is dependent on the size and 
shape of individual objects by the well-known Debye-Einstein equation 𝐷 = 𝑘!𝑇/𝑓! Equation 2.3 
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Where 𝑘!  is the Boltzmann constant; 𝑇 is the Temperature in Kelvin; and 𝑓!  is the 
friction factor. For a spherical particle in a homogeneous solution, this equation can be 
further simplified. 𝐷 = 𝑘!𝑇/6𝜋𝜂𝑟!  Equation 2.4  
which is commonly known as the Stokes-Einstein equation. 𝑟!  is the hydrodynamic 
radius; and 𝜂 is the viscosity of the solvent used. So the hydrodynamic radius of the 
particles can be calculated based on the following equation.  𝑟! = 𝑘!𝑇/6𝜋𝜂𝐷 Equation 2.5 
 
Figure 2.6. 2D DOSY NMR spectra of C8H17S-AuNPs (a) and GS-AuNPs (b) with δ = 2 ms, Δ = 
50 ms at 298 K.  
 
Table 2.2. Summary of DOSY experiments on thiol-capped AuNPs. 
 
(a) (b) 
Sample Da (m2 s-1) Dsolventb (m2 s-1) rH (nm) dH (nm) dTEM (nm) 
C8H17S-AuNPs (2.45 ± 0.28) × 10-10 2.17 × 10-9 1.64 ± 0.19 3.28 ± 0.38 2.50 ± 0.49 
C8H17SH 1.40 × 10-9 2.23 × 10-9 0.29 0.58 - 
GS-AuNPs (1.32 ± 0.10) × 10-10 1.64 × 10-9 1.32 ± 0.10 2.63 ± 0.20 1.76 ± 0.47 
GSH 3.44 × 10-10 1.26 × 10-9 0.39 0.78 - 
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In this work, the diffusion coefficients of C8H17S-AuNPs and GS-AuNPs were 
determined by DOSY in CDCl3 and D2O respectively (Figure 2.6). The hydrodynamic 
radiuses were then calculated according to the Stokes-Einstein equation, giving the 
average hydrodynamic diameters of 3.28 ± 0.38 nm and 2.63 ± 0.20 nm for C8H17S-
AuNPs and GS-AuNPs, respectively (Table 2.2). However, TEM results show that the 
diameters of C8H17S-AuNPs and GS-AuNPs are 2.50 ± 0.49 nm and 1.76 ± 0.47 nm 
respectively, which are smaller than the values obtained by DOSY NMR spectroscopy. 
This is because TEM is mainly focusing on measuring the physical size of the metal core 
while the DOSY NMR spectroscopy measures the hydrodynamic size of AuNPs in 
solution, taking the ligands binding to the surfaces into account. The hydrodynamic sizes 
of octanethiol and glutathione were measured to be 0.58 nm and 0.78 nm in diameter 
respectively. Combining this result with the TEM outcomes, the estimated hydrodynamic 
diameters for AuNPs fall in the range of 3.08-3.66 nm for C8H17S-AuNPs and 2.54-3.32 
nm for GS-AuNPs respectively. These values agree well with the hydrodynamic 
diameters of AuNPs measured directly by the DOSY NMR spectroscopy, where the 
hydrodynamic diameters are 3.28 ± 0.38 nm and 2.63 ± 0.20 nm for C8H17S-AuNPs and 
GS-AuNPs respectively.  
2.4 Conclusions 
In this work, we demonstrate that NMR spectroscopy is a quite powerful 
technique for investigating the AuNPs, providing useful and reliable structural and 
dimensional information. It is shown that HSQC NMR spectroscopy is able to provide 
chemical shift information that can be further used to study the structure of ligands on the 
surfaces. Quantitative NMR provides a simple and cost-effective way to estimate the 
	 49 
Au/SR ratio. Furthermore, the hydrodynamic size of AuNPs can be determined using 
DOSY NMR spectroscopy. For recent nanotechnology research, tools for nanomaterials’ 
qualitative and quantitative analysis are of extreme importance, not only for quality 
control in production but also for applications in various research fields. Based on this 
work, we have demonstrated the great potential of applying NMR spectroscopy in 
nanomaterials characterizations and expect that NMR spectroscopy including 
multidimensional NMR spectroscopy and DOSY NMR spectroscopy can be applied to 
characterize a broad range of nanomaterials including quantum dots and oxide 
nanoparticles in the future. 
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2.6 Supplementary Materials 
		
Figure 2.7. 1H-1H COSY NMR spectra of C8H17SH (a) and GSH (c), and 1H-13C HSQC NMR 
spectra of C8H17SH (b) and GSH (d) respectively.  	
(a) (b) 
(c) (d) 
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Figure 2.8. Thermogravimetric analysis (TGA) of the purified (a) C8H17S-AuNPs and (b) GS-
AuNPs.  		
		
Figure 2.9. 2D DOSY NMR spectra of C8H17S-AuNP (a) and GS-AuNP (b) with δ = 2 ms, Δ = 
50 ms at 298 K. 		
 				
(a) (b) 
(a) (b) 
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CHAPTER 3 
Alanine Adsorption and Thermal Condensation at the Interface of Fumed Silica 
Nanoparticles 
3.1 Introduction 
The interaction of biomolecules at the surface of inorganic materials has attracted 
considerable attention in recent years since it has significant impact on drug delivery 
research, bio-nanotechnology, and bio-nanocomposite materials [1-12]. Understanding 
the adsorption and binding mechanism of biomolecules at the biomolecule-inorganic 
interfaces is of major significance for developing novel bioinorganic composite systems 
for biomedical applications [1, 10, 13-17]. Investigating the thermal condensation of 
biomolecular species on inorganic oxide surfaces is of great interest since mineral 
surfaces potentially served as catalysts for peptide bond formation in prebiotic chemistry 
[18-23], and could have been involved in the synthesis of the first small oligopeptides 
[21]. Considerable studies have demonstrated peptide bond formation occurs at relatively 
low temperatures in the absence of any activating agents when gently heating amino 
acids at the interface of inorganic oxides such as silica, alumina, and other minerals [19, 
21, 23]. Among all the bioinorganic systems, the amino acid/silica system is the simplest 
and most practical system and constitutes the first step in understanding more 
complicated bioinorganic systems such as peptide/silica and protein/silica systems. 
Silica (SiO2) is one of the most common inorganic materials on Earth and has 
been extensively investigated for decades due to its diverse properties such as 
polymorphism and biocompatibility [2, 24]. It has widespread applications ranging from 
structural materials to catalysis and as a medium for drug delivery [2, 5, 8, 12, 16, 17, 24, 
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25]. Amorphous silica nanomaterials including fumed silica, mesoporous silica and 
colloidal silica nanoparticles are one class of synthetic silica materials, featuring small 
particle sizes and high surface areas [26, 27]. They have been studied extensively from 
experimental synthesis to structural characterization to biomedical applications [2-4, 6, 7, 
9, 11, 16, 17, 24-42]. The adsorption and thermal condensation of amino acids on silica 
nanomaterials have attracted considerable attention during recent years to understand the 
interaction between biomolecules and nanoparticles including the varying toxicity of 
different silica nanoparticle types [1, 3-6, 13, 15, 19-21, 23, 43-60].  
According to the literature review, considerable experimental studies have been 
carried on mesoporous and colloidal silica nanomaterials [19, 21, 45, 47-54, 56, 58], but 
very limited effort has been put on understanding the behaviors of amino acid on fumed 
silica nanoparticles. Ben Shir et al investigated the binding and dynamics of glycine and 
alanine on SBA-15 and MCM-41 surfaces by using rotational-echo double-resonance 
(REDOR) [61] NMR [48, 50, 51]. They found that the adsorption of alanine on 
amorphous silica surfaces occurs via direct interaction of its charged amine group with 
silica surface silanols. Amitay-Rosen et al applied 2H MAS NMR to understand the 
structural and dynamical state of water and alanine molecules adsorbed on SBA-15 
surfaces at different degrees of surface hydration [47, 58]. It is found that two distinct 
alanine populations were identified at the interface where one is dynamically undergoing 
exchange between bound and free states while the other is statically bonded to the 
surface. They also revealed that a small amount of interfacial water molecules made 
alanine exhibit a solution-like environment with isotropic mobility. Comparing to 
mesoporous and colloidal silica nanomaterials, fumed silica (Cab-O-Sil) nanoparticles are 
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another class of synthetic nanomaterials composed of amorphous structure with 
extensively high surface area and nanoscale size [27]. They are prepared at high 
temperature by hydrolyzing silicon tetrachloride vapor in a flame followed by rapid 
quenching to room temperature. Many studies have been carried out on the surface 
chemistry at fumed silica nanoparticle interfaces because of the considerable utility of 
high surface area amorphous silicates [27, 29, 34, 35, 37, 38, 40, 41, 62, 63]. These 
studies have shown that the surface chemistry of fumed silica nanoparticles is very 
different from mesoporous and colloidal silica nanoparticles due to the presence of 
metastable strained ring structures in fumed silica that result from the fast quenching 
during the synthesis of the material in a flame. This unique property has been found to 
closely relate with the high surface reactivity of the fumed silica nanoparticles [4, 18].  
In the present work, a combination of multiple spectroscopic techniques, 
including IR spectroscopy and NMR spectroscopy is implemented to investigate the 
behavior of alanine molecules on fumed silica nanoparticles. The adsorption species of 
alanine on fumed silica surfaces were observed directly by cross-polarization magic-
angle-spinning (CP-MAS) [64, 65] NMR spectroscopy in contrast with previous studies 
for alanine adsorption on other silica surfaces [48, 50]. More than that, the adsorption of 
alanine on the surfaces at high and low hydrated levels was thoroughly investigated and a 
possible adsorption mechanism is proposed. Furthermore, it is found surprisingly that 
adsorbed alanine on the fumed silica nanoparticles are able to form a cyclic peptide, 
alanine anhydride during thermal condensation at ~ 170 °C with a high selectivity and a 
yield of approximate 100 %. This significant finding indicates the great potential of 
fumed silica nanoparticles in synthesizing peptides including cyclization reactions. To 
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further unravel the mechanism of such high-selectivity and high-yield peptide formation 
on fumed silica nanoparticles, we carry out a comparative study of fumed and colloidal 
silica nanoparticles, and the results indicate that the high efficiency is very likely related 
to the intrinsic strained ring structures presenting at the interfaces of fumed silica 
nanoparticles that are not abundant in colloidal forms. This is considered to be a first step 
towards understanding the mechanism of the “surface-catalyzed” peptide bond formation 
reactions on silica surfaces since relatively less effort has been put on this topic compared 
to extensive investigations on adsorption of amino acids on silica surfaces. 
3.2 Materials and Methods 
3.2.1 Materials 
Fumed silica nanoparticles (~7 nm) with BET (Brunauer, Emmett and Teller) 
surface area of 395 ± 25 m2/g and natural abundance pure L-alanine (99 % purity) were 
purchased from Sigma Aldrich. U-[13C/15N]-L-alanine were purchased from Cambridge. 
Isotopes. Inc. All materials were used as received and stable isotope enrichment levels of 
labeled compounds are 97-99 %. In the following, silica or SiO2 refers to fumed silica 
nanoparticles unless otherwise specified. Ala/SiO2 and 13C/15N-Ala/SiO2 will refer to 
natural abundance alanine and 13C/15N labeled alanine adsorbed on fumed silica 
nanoparticles, respectively. 
3.2.2 Adsorption of Alanine on Fumed Silica Nanoparticles  
Fumed silica nanoparticles were initially heated to 500 °C overnight to remove 
impurities on the surface. In a typical adsorption procedure, 75 mg fumed silica 
nanoparticles were mixed with L-alanine in 5.0 mL DI water and the mixture was then 
stirred at room temperature for over three hours to ensure the adsorption reached 
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equilibrium. Nanoparticles were then separated by centrifugation at 6000 rpm for one 
hour and dried under vacuum at room temperature overnight. The samples prepared from 
solutions of various concentrations and are noted as Ala/SiO2-xM, respectively, where x 
refers to the alanine concentration in the adsorption solutions (in mol·L-1). In this work, 
13C/15N-Ala/SiO2-0.10M and 13C/15N-Ala/SiO2-0.03M samples were prepared for solid-
state NMR investigations. Briefly, two sets of 120.0 mg fumed silica nanoparticles were 
mixed with 21.6 mg and 72.0 mg 13C/15N-L-alanine in 8.0 mL DI water and the pH 
values of both solutions were maintained at 6.7. The suspensions were then stirred for 
over three hours to reach equilibrium. The two mixtures were then centrifuged at 6000 
rpm for one hour and the remaining powders were allowed to vacuum dry at room 
temperature overnight. The as-prepared samples were noted as ‘hydrated’ samples. To 
prepare ‘dry’ samples, the 13C/15N-Ala/SiO2 samples were packed in NMR rotors and 
then further vacuum dried with cap removed (0.001 mBar) for one month. The NMR 
investigations on dried samples were carried out immediately after drying. No obvious 
rehydration was found in this work during the course of solid-state NMR experiments 
indicating that the rotor sealing is quite good. 
3.2.3 Synthesis of Colloidal Silica Nanoparticles  
Silica nanoparticles with a size of ~38 nm were synthesized using the well-
established method developed by Stöber et al [31]. Briefly, 0.17 M tetraethoxysilane was 
hydrolyzed and condensed in a 100.0 mL ethanol solution with 0.5 M NH3 and 2.0 M 
H2O for 12 hours at room temperature. The formed silica nanoparticles were then 
dialyzed against ultrapure water and stored at a final concentration of 1.6 mg/mL. 
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3.2.4 Adsorption of Alanine on Colloidal Silica Nanoparticles  
1.0 mg pure L-alanine was added to a 100 mL colloidal silica nanoparticles 
solution ([SiO2 NPs] ~ 1.6 mg/mL) and the solution was stirred in excess of three hours 
to reach equilibrium. The alanine adsorbed colloidal silica nanoparticles were obtained 
after drying from the solution at room temperature. 
3.2.5 Thermal Condensation  
Dried alanine adsorbed silica nanoparticles were incubated at 170 °C for 3 hours. 
After incubation, the peptides were washed with DI water followed by centrifugation at 
14000 rpm for 30 min. The supernatant fluid was collected and dried to obtain the solid 
powder. The resulting solid powder was dissolved in a 700 mL H2O/D2O (90/10) solution 
and transferred to a 5 mm NMR tube. 
In this work, solid-state NMR spectroscopy was used to probe alanine thermal 
condensation on fumed silica nanoparticles. Briefly, 13C/15N-Ala/SiO2-0.03M was first 
packed in the rotor followed by incubation at 170 °C for three hours with rotor cap 
removed. The rotor was then cooled down to room temperature and sealed for solid-state 
NMR characterization. 
3.2.6 Thermal Analysis  
Thermal gravimetric analysis (TGA) experiments were performed with a TA2910 
(TA Instrument Inc.) instrument under dry N2 flow (30 mL/min for furnace and 30 
mL/min for balance). For each experiment, 7-10 mg of sample was used and a heating 
rate of 5 °C/min was applied. Before each experiment, the sample was kept under a 
nitrogen flow for 10 min to remove any physisorbed water and obtain a stable baseline.  
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3.2.7 IR Spectroscopy  
IR spectra were recorded using a PerkinElmer FTIR spectrometer with a diamond 
ATR accessory. The instrument carries a MIR light source of 300-8000 cm-1, an OptKBr 
beam splitter (400-7800 cm-1) and a LiTaO3 detector (370-15700 cm-1). The spectra were 
collected with a spectral window of 400-4000 cm-1, a resolution of 4 cm-1, and 32 scans. 
3.2.8 Raman Spectroscopy  
Raman spectroscopy was performed on a homebuilt system utilizing a 532 nm 
laser and triple-grating monochromator (SpectraPro 300i, Action Research). The laser 
beam was focused onto the sample through a Mitutoyo M Plan Apo 50x objective with 
0.42 N.A. All spectra were collected with a laser power of 50 mW, an exposure time of 
30 s, and 10 scans.  
3.2.9 Transmission Electron Microscopy (TEM)  
The size and morphology of the silica nanoparticles were characterized using a 
Philips CM200-FEG high-resolution transmission electron microscope (TEM) operating 
at a bias voltage of 200 kV. The TEM samples were prepared by dipping carbon-coated 
copper grids in silica nanoparticle solutions and drying them in air for a minimum of two 
hours. 
3.2.10 Solid-state NMR Spectroscopy  
Solid-state NMR spectra were collected on a Varian VNMRS 400 MHz 
spectrometer with a 1.6 mm triple-resonance probe operating in triple-resonance 
(1H/13C/15N) mode at a MAS speed of 35 kHz. 1H high-speed MAS NMR with the 
DEPTH sequence [66], 1Hà13C and 1Hà15N CP-MAS experiments, two-dimensional 
(2D) 1H-13C heteronuclear correlation (HETCOR) and 1H-15N HETCOR NMR 
	 63 
experiments were performed to characterize all samples. 1H MAS NMR experiments 
were conducted with a 1.6 µs 1H π/2 pulse, a recycle delay of 5.0 s, and a 10 kHz sweep 
width at a spinning speed of 35 kHz. The CP condition for 1Hà13C CP-MAS NMR 
experiments consisted of a 1.6 µs 1H π/2 pulse, followed by a 1.0 ms ramped (13 %) 1H 
spin-lock pulse of 75 kHz rf field strength. The experiments were performed with a 25 
kHz sweep width, a recycle delay of 3.0 s and a two-pulse phase-modulated (TPPM) [67] 
1H decoupling level of 156 kHz for all samples. The CP condition for 1Hà15N CP-MAS 
NMR experiments consisted of a 1.6 µs 1H π/2 pulse, followed by a 1.0 ms ramped (10 
%) 1H spin-lock pulse of 95 kHz rf field strength. The experiments were performed with 
a 25 kHz sweep width, a recycle delay of 3.0 s and a 1H decoupling level of 156 kHz. A 
contact time of 1.0 ms was applied in 1Hà13C and 1Hà15N CP-MAS NMR experiments 
for pure alanine and 13C/15N-Ala/SiO2-0.10M while a contact of 2.0 ms was applied for 
13C/15N-Ala/SiO2-0.03M. 
2D 1H-13C HETCOR and 2D 1H-15N HETCOR NMR experiments were carried 
out on two 13C/15N-Ala/SiO2 samples. The experimental CP condition and TPPM 1H 
decoupling parameters for 2D HETCOR NMR experiments were identical to 1D CP-
MAS NMR experiments with the exception of contact times. 2D 1H-13C HETCOR NMR 
experiments were performed with a contact time of 2.0 ms and 0.25 ms, a recycle delay 
of 3.0 s, sweep widths of 25 kHz and 10 kHz for direct and indirect dimensions, 
respectively, and 32 complex t1 points. 2D 1H-15N HETCOR NMR experiments were 
performed with different contact times (0.25, 1 and 2 ms) a recycle delay of 3.0 s, a 
sweep width of 10 kHz for both dimensions and 32 complex t1 points. 
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In all experiments, the chemical shifts of 1H, 13C and 15N were indirectly 
referenced to adamantane 1H (1.63 ppm), adamantane 13C (38.6 ppm) and glycine 15N 
(31.6 ppm), respectively [68, 69]. The line-broadening (lb) factor was set to 25 Hz for 
1Hà13C CP-MAS spectra, 1Hà15N CP-MAS spectra, 2D 1H-13C HETCOR spectra, and 
50 Hz for 2D 1H-15N HETCOR spectra. 
3.2.11 Solution NMR Spectroscopy 
Solution NMR spectroscopy experiments were performed on a VNMRS 500 MHz 
spectrometer with a 5 mm triple-resonance probe operating in triple-resonance 
(1H/13C/15N) mode. 1H NMR spectra were collected with a sweep width of 8012.8Hz, an 
acquisition time of 2.045s, a recycle delay of 5.0 s, and 512 scans. 1H-13C heteronuclear 
single-quantum correlation (HSQC) spectra were collected with a recycle delay of 1.0 s, 
sweep widths of 8012.8Hz and 25141.4Hz for direct and indirect dimensions, 
respectively, and 256 complex t1 points. 
3.3 Results and Discussion 
3.3.1 Morphology and Structure of Amorphous Silica Nanoparticles  
Amorphous silica nanoparticles are typically prepared by two main methods: 
high-temperature flame pyrolysis to form so-called fumed silica nanoparticles and 
condensation of silanol groups in aqueous solution or under hydrothermal conditions to 
form colloidal (Stöber) or mesoporous silica nanoparticles. In this work, fumed silica 
nanoparticles and colloidal silica nanoparticles are investigated to compare their 
efficiency of surface catalysis in forming peptide bonds for alanine. Fumed silica 
nanoparticles are obtained by hydrolyzing silicon tetrachloride vapor in a flame followed 
by rapid quenching to room temperature. This process generates small particles with 
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diameters from a few nm to tens of nm that are best described as ramified, chainlike 
aggregates (Figure 3.1A). The fumed silica nanoparticles used in this study possess an 
average particle size ~7 nm according to the manufacturer. Colloidal silica nanoparticles 
are synthesized according to the Stöber method and are non-aggregated, monodisperse 
spherical nanoparticles (Figure 3.1B). The average size of the Stöber silica nanoparticles 
is determined to be ~38 nm in diameter. Because of the much smaller size of primary 
particles, fumed silica nanoparticles feature a high surface area up to ~390 m2/g 
compared to the synthesized colloidal silica nanoparticle whose surface area is only ~60 
m2/g.  
Raman spectroscopy was applied to investigate the surface structures of the two 
types of silica nanoparticles and the spectra are shown in Figure 3.1C. Based on the 
comparison between fumed silica and Stöber silica nanoparticles, it indicates that their 
surface properties are different. For fumed silica nanoparticles, two significant bands at 
~490 cm-1 (D1) and 605 cm-1 (D2) are observed that can be attributed to four- and three-
membered siloxane rings, respectively [37]. There is also a broad band centered at ~450 
cm-1 attributed to the five-member and larger siloxane rings. Stöber silica nanoparticles 
have a prominent band at ~490 cm-1 but no well-resolved band at ~605 cm-1, indicating 
the absence of three-membered rings at the surface. This result is in good agreement with 
previous experimental finding [4]. The relatively large population of strained three-
membered rings at fumed silica nanoparticle surfaces is due to the rapid quenching of 
silica materials at very high temperatures during the synthesis in a flame. This process 
freezes the silica structure in some strained structures such as three-member rings and 
this is also observed for Aerosil fumed silica with particle diameters of 14 nm and 40 nm 
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[37]. Stöber silica nanoparticles are synthesized in solution via continuous condensation 
reactions and they are principally composed of unstrained four-membered and larger 
rings that are more stable and less reactive. The absence of three-membered ring is also 
characteristic of other solution-derived silica nanoparticles including mesoporous silica 
and silica gels [4]. 
Figure 3.1. TEM images of (A) fumed silica nanoparticles and (B) colloidal silica nanoparticles. 
(C) Raman spectra of silica nanoparticles: (a) fumed silica and (b) colloidal silica nanoparticles. 
 
3.3.2 Adsorption Behavior of Alanine on Fumed Silica Nanoparticles 
The adsorption of alanine on silica surfaces has been well studied [21, 48, 50] and 
some factors such as initial concentration of alanine in the adsorption solution and pH 
values of adsorption solution has been shown to impact the amount of adsorbed alanine at 
the silica interface. In this paper, we use TGA to investigate the influence of initial 
aqueous alanine concentration on the content of adsorbed alanine at the surface of fumed 
silica nanoparticles and the results are summarized in Table 3.1. The amount of adsorbed 
alanine is calculated from the TGA weight loss curves between 100 °C and 600 °C since 
the water contributes to the weight loss below 100 °C. Figure 3.2 shows the amount of 
alanine adsorbed on fumed silica nanoparticles as a function of initial aqueous alanine 
concentration. With increasing the initial concentration, the amount of adsorbed alanine 
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increases correspondingly. Furthermore, the adsorption of alanine fits well to a Langmuir 
isotherm in the low initial concentration range (< 0.05 M). However, at high initial 
concentrations (> 0.08 M), the adsorption behavior is linear and cannot be properly fit to 
a Langmuir isotherm. This is probably due to the incomplete separation between liquid 
and solid phases or the formation of multilayers on the surface similar to previous 
observations for lysine adsorption on fumed silica nanoparticles.  
 
Figure 3.2. The amount of alanine adsorbed on fumed silica nanoparticles as a function of initial 
aqueous alanine concentration at room temperature and near neutral pH (pH = 6.7). 
 
Table 3.1. Summary of TGA results for alanine adsorption on fumed silica nanoparticles. 
 
3.3.3 Adsorption Mechanism of Alanine on Fumed Silica Nanoparticles 
Solid-state NMR spectroscopy is a powerful tool for elucidating surface chemistry 
at nanomaterial interfaces. Here, a combination of solid-state NMR experiments was 
performed to investigate the adsorption mechanism of alanine on fumed silica 
[Alanine] (M) Weight Loss (%) Adsorbed Alanine (molecules/nm2) 
0.01 2.8 0.50 ± 0.03 
0.03 4.2 0.76 ± 0.05 
0.05 5.0 0.91 ± 0.06 
0.08 7.0 1.31 ± 0.08 
0.10 8.7 1.65 ± 0.10 
0.15 10.5 2.02 ± 0.13 
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nanoparticles surfaces. In previous studies, the protonation state of the amine group of 
alanine on mesoporous silica was investigated by using 15N(1H) separated local field 
(SLF) [70] experiments combined with PMLG-5 homonuclear decoupling [71]. These 
results indicated that the amine group of alanine was protonated (NH3+) with a 1H 
resonance at ~7.4 ppm that facilitated the binding to silica surface groups [48]. In this 
work, the bulk alanine and adsorbed alanine on fumed silica nanoparticles were found in 
zwitterionic forms since the 1H resonance of NH3+ was clearly detected for all species 
with a similar chemical shift observed (Supplementary, Figure 3.17). Furthermore, two 
1H resonances were seen for methyl protons in the “hydrated” state: one at 1.4 ppm 
corresponding to alanine in an aqueous environment and one at 1.2 ppm corresponding to 
alanine interacting with the silica nanoparticles (Supplementary, Figure 3.17). This was 
confirmed in the “dry” state where the 1H resonance at 1.4 ppm disappears presumably 
due to the restriction of reorientational motion of alanine at low hydration level [47, 48, 
58]. The alanine molecules become less mobile when interacting with the dry 
nanoparticle surface. A 1H resonance at 1.7 ppm was detected for dry samples that is due 
to the isolated silanol group on the fumed silica nanoparticle surface [29]. This result is 
consistent with those obtained by Amitay-Rosen et al [47].  
In Figures 3.3, the 1Hà13C and 1Hà15N CP-MAS NMR spectra of bulk U-
[13C/15N]-L-alanine and 13C/15N-Ala/SiO2 samples are displayed with all peak 
assignments summarized in Table 3.2. Bulk U-[13C/15N]-L-alanine is in the crystalline 
state exhibiting three sharp 13C resonances for the carboxyl group (177.8 ppm), α-CH 
(51.1 ppm) and β-CH3 (20.6 ppm) and one 15N resonance for the NH3+ (42.3 ppm) 
illustrating that alanine is in its zwitterionic form. The splitting for the carboxyl group is 
	 69 
due to the 13C-13C J-coupling with the neighboring α-13CH. These resonances were also 
detected for 13C/15N-Ala/SiO2-0.10M, indicating crystalline alanine exists in the samples 
at this surface coverage. In addition to crystalline alanine, three unique 13C resonances at 
176.0 ppm, 51.8 ppm and 16.2 ppm and one additional 15N resonance is observed in the 
spectra, and are assigned to the carboxyl group, α-CH, β-CH3 and NH3+ of the adsorbed 
alanine, respectively. The resonances broaden considerably following drying since the 
adsorbed alanine becomes more rigid. The broadening effect is due to chemical shift 
heterogeneity and illustrates that the alanine-nanoparticle surface environment is 
disordered. The large change (4.4 ppm) in 13C chemical shift to lower ppm observed for 
the β-CH3 for adsorbed alanine is likely due to methyl packing differences between the 
crystalline and adsorbed forms. Chemical shifts to higher ppm are typically observed for 
more restricted methyl packing environments in alanine containing peptides [72]. The 
methyl packing is expected to be less restrictive on the silica nanoparticle surface.     
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Figure 3.3. 1Hà13C CP-MAS NMR spectra (A) and 1Hà15N CP-MAS NMR spectra (B) of U-
[13C/15N]-L-alanine, 13C/15N-Ala/SiO2-0.10M (“hydrated” and ”dry”) and 13C/15N-Ala/SiO2-
0.03M (“hydrated” and ”dry”).  
 
Table 3.2. Summary of 13C and 15N chemical shifts of U-[13C/15N]-L-alanine and 13C/15N-
Ala/SiO2 samples a 
 
The crystalline alanine was found to disappear when lowering the concentration 
of alanine in the adsorption solution. In the 1Hà13C and 1Hà15N CP-MAS NMR spectra 
of 13C/15N-Ala/SiO2-0.03M, the characteristic resonances of crystalline alanine were not 
detected and only adsorbed alanine was observed at the silica nanoparticle interface. The 
13C and 15N resonances of adsorbed alanine appeared at identical isotropic chemical shifts 
B 
Samples 
13C 15N 
-CO2- α-CH β-CH3 NH3+ 
U-[13C/15N]-L-alanine 177.8 51.1 20.6 42.3 
13C/15N-Ala/SiO2-0.10M (hydrated) 177.8, 176.3 51.1, 51.8 20.6, 16.2 42.3, 43.3 
13C/15N-Ala/SiO2-0.10M (dry) 177.8, 176.0 51.1, 51.8 20.6, 16.2 42.3, 43.3 
13C/15N-Ala/SiO2-0.03M (hydrated) 176.0 51.8 16.2 43.3 
13C/15N-Ala/SiO2-0.03M (dry) 176.0 51.8 16.2 43.3 
a  Chemical shifts are reported in ppm from TMS. 
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to those of 13C/15N-Ala/SiO2-0.10M. Furthermore, the broadening effect of the adsorbed 
state was clearly observed for “dry” 13C/15N-Ala/SiO2-0.03M, demonstrating the 
adsorbed species is highly disordered as evidenced by the heterogeneous line broadening. 
Based on the results of 1Hà13C CP-MAS NMR and 1Hà15N CP-MAS NMR 
experiments, it is convincing to argue that at high surface coverage (13C/15N-Ala/SiO2-
0.10M), both crystalline and adsorbed states of alanine exist on the nanoparticle surfaces 
while only the adsorbed alanine state is present at low surface coverage (13C/15N-
Ala/SiO2-0.03M). 
 
Figure 3.4. 1Hà13C 2D HETCOR MAS NMR spectra of (A) “hydrated” 13C/15N-Ala/SiO2-
0.10M and (B) “dry” 13C/15N-Ala/SiO2-0.10M. Experiments were conducted with a 2.0 ms 
contact time at 400 MHz and a MAS frequency of 35 kHz.		
(A) 
(B) 
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Figure 3.5. 1Hà15N 2D HETCOR MAS NMR spectra of (A) “hydrated” 13C/15N-Ala/SiO2-
0.10M and (B) “dry” 13C/15N-Ala/SiO2-0.10M. Experiments were conducted with a 1.0 ms 
contact time at 400 MHz and a MAS frequency of 35 kHz. 
 
 
Figure 3.6. 1Hà13C 2D HETCOR MAS NMR spectra of (A) “hydrated” 13C/15N-Ala/SiO2-
0.03M and (B) “dry” 13C/15N-Ala/ SiO2-0.03M. Experiments were conducted with a 2.0 ms 
contact time at 400 MHz with MAS frequency of 35 kHz. 
 
(A) (B) 
(A) 
(B) 
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Figure 3.7. 1Hà15N 2D HETCOR MAS NMR spectra of (A) “hydrated” 13C/15N-Ala/SiO2-
0.03M and (B) “dry” 13C/15N-Ala/SiO2-0.03M. Experiments were conducted with a 2.0 ms 
contact time at 400 MHz with MAS frequency of 35 kHz. 
 
To further elucidate the interaction of alanine molecules with the surface groups 
on fumed silica nanoparticles, 2D 1H-13C and 1H-15N HETCOR NMR experiments were 
performed. The 2D 1H-13C and 1H-15N HETCOR NMR spectra of “hydrated” and “dry” 
13C/15N-Ala/SiO2-0.10M are shown in Figures 3.4 and 3.5 along with the 1H traces for 
specific 13C and 15N chemical shifts. For both “hydrated” and “dry” 13C/15N-Ala/SiO2-
0.10M samples, the 1H-13C and 1H-15N correlations for crystalline alanine are identical. 
The 13C resonances at 177.8 ppm, 51.1 ppm, and 20.6 ppm assigned to the carboxyl 
group, α-CH, and β-CH3 of crystalline alanine clearly show three correlations with 1H 
resonances at 0.9 ppm, 3.4 ppm, and 8.2 ppm corresponding to the β-CH3, α-CH and to 
the NH3+ in interaction with the carboxylate of a neighboring molecule through COO-HN 
hydrogen bonds in the crystalline state, respectively. The 15N resonance at 42.3 ppm 
assigned to the NH3+ of crystalline alanine also shows three correlations with these 1H 
resonances in the two states. However, some differences for 1H-13C and 1H-15N 
correlations were found for adsorbed alanine after comparing the “hydrated” state and the 
(B) (A) 
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“dry” state, indicating that the binding behaviors of alanine molecules on the surfaces are 
different in the two states. In the “hydrated” state, the 13C resonance at 176.3 ppm 
assigned to the carboxyl group of adsorbed alanine shows two clear correlations with 1H 
resonances at 4.8 ppm and 1.2 ppm. The 15N resonance at 43.3 ppm is assigned to the 
NH3+ of adsorbed alanine and shows one strong correlation with a 1H resonance at 5.4 
ppm. The 1H resonance at 4.8 ppm is assigned to surface bound water whose behavior is 
similar to bulk, isotropic water and the 1H resonance at 1.2 ppm was assigned to β-CH3 of 
adsorbed alanine. The 1H resonance at 5.4 ppm could be due to the interaction between 
water and NH3+ of free alanine that are not bound to the silica nanoparticle surface. These 
results indicate that the carboxyl group and the NH3+ of adsorbed alanine both interact 
with the interfacial water via a fast-exchange process in the “hydrated” state. After 
drying, the carboxyl group and the NH3+ of adsorbed alanine show distinguishable 
correlations with the 1H resonance at 7.6 ppm that are assigned to the hydrogen bonding 
protons that interacts with surface silanol groups [50]. This indicates that the protonated 
amine group and the carboxyl group interact with silanol groups by forming hydrogen 
bonds on the silica nanoparticle surfaces in the “dry” state. 
2D 1H-13C and 2D 1H-15N HETCOR NMR of the “hydrated” and “dry” 13C/15N-
Ala/SiO2-0.03M are shown in Figure 3.6 and Figure 3.7. Since only adsorbed alanine was 
detected on surfaces for 13C/15N-Ala/SiO2-0.03M, the 1H-13C and 1H-15N correlations 
shown in the spectra can offer more insight into the adsorbed state of alanine on fumed 
silica nanoparticle surfaces. Similar to the findings for 13C/15N-Ala/SiO2-0.10M, in the 
“hydrated” state, the carboxyl group and the NH3+ interact with interfacial water at ~ 4.6 
ppm, indicating the alanine molecules are mobile interacting with free water at the 
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interfaces. In the “dry” state, a clear strong 1H contact is observed at ~ 7.6 ppm for the 
carboxyl group indicating they interact with the silanols. To further get a more detailed 
picture of the adsorption on surfaces, we performed HETCOR NMR experiments with 
variable mixing time and the results are shown in Figure 3.8. Since the 2D 1H-13C and 2D 
1H-15N HETCOR NMR experiments are dipolar-based experiments, in which 
magnetization is transferred through space, long-range correlations can be detected by 
applying a longer CP contact time. With a mixing time of 2.0 ms, all 1H-13C and 1H-15N 
correlations can be seen clearly. However, applying a mixing time of 0.25 ms offers a 
chance to see only short-distance correlations, which makes it possible to determine the 
groups that interact with the NH3+ interacting at silanol groups (1H resonance at ~ 7.6 
ppm). Based on the 2D 1H-13C and 2D 1H-15N HETCOR NMR spectra with a mixing 
time of 0.25 ms, a weak correlation to 1H resonance at 7.6 ppm was detected for the 
carboxyl group of alanine while a strong correlation to the same 1H resonance (7.6 ppm) 
was seen clearly for the protonated amine groups of adsorbed alanine. This result 
provides convincing evidence that both protonated amine group and the carboxyl group 
of alanine interact with the silanol group directly via hydrogen bonds at low hydration 
level (Figure 3.9). 
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Figure 3.8. 1Hà13C (A) and 1Hà15N (B) 2D HETCOR MAS NMR spectra of “dry” 13C/15N-
Ala/SiO2-0.03M with contact times of 2.0 ms and 0.25 ms. Experiments were conducted at 400 
MHz with MAS frequency of 35 kHz. 
 
Two Ala/SiO2 samples with different surface coverages ratios (13C/15N-Ala/SiO2-
0.03M and 13C/15N-Ala/SiO2-0.10M) were prepared and characterized in this work. At a 
high surface coverage (0.10 M), both crystalline and adsorbed states of alanine were 
observed on the fumed silica nanoparticle surfaces while only the adsorbed state was 
detected at a low surface coverage (0.03 M). Furthermore, it is found that the carboxyl 
group and protonated amine group of alanine were found to interact with interfacial water 
via a fast-exchange process in the “hydrated” state. After thorough drying, adsorbed 
alanine molecules become more restricted and show strong interactions with the surface 
silanol groups via hydrogen bonding between silanol groups and the carboxyl groups and 
protonated amine groups.  
 
Figure 3.9. Schematic representation of alanine adsorption on fumed silica nanoparticles surfaces 
in “hydrated” and “dry” state.  
 
“hydrated” “dry” 
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Figure 3.10. DTG curves of bulk alanine (dashed, red) and Ala/SiO2 (solid, black) samples as a 
function of initial concentration of amino acids in the adsorption solutions. 
 
3.3.4 Thermal Condensation of Alanine on Fumed Silica Nanoparticles 
Amino acids can undergo thermal condensation at the interface of inorganic 
materials such as silica, alumina and other minerals [19, 21, 22, 52, 73]. In this work, 
differential thermal gravimetric (DTG) analysis and solid-state NMR spectroscopy were 
used to investigate the thermal condensation of alanine at the interfaces of fumed silica 
nanoparticles. Figure 3.10 shows the DTG profiles of bulk alanine and Ala/SiO2 as a 
function of alanine concentration. For bulk alanine, no thermal event occurs below 200 
°C while one broad peak was detected around 270 °C with a shoulder at 250 °C. 
However, for alanine adsorbed on fumed silica nanoparticles, a well-distinguished peak is 
observed around 170 °C at a heating rate of 5 °C/min, which is due to the thermal 
condensation of alanine forming peptide bonds. The other peaks observed above 220 °C 
correspond to a complicated thermal degradation process with the elimination of NH3 and 
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CO2 similar to bulk alanine and will not be further discussed in this paper. Table 3.3 
summarizes the thermal condensation results as a function of initial alanine concentration 
in the prepared solutions. With the increasing amount of alanine on the surface, the 
temperature of thermal condensation had little change, indicating that the adsorbed 
alanine is the main species contributing to the thermal condensation. In this study, we 
focus primarily on Ala/SiO2-0.03M since it was shown to be a monolayer-adsorbed 
sample. By lowering the heating rate from 5 °C/min to 1 °C/min, the thermal 
condensation peak was detected at even lower temperature around 149 °C (Figure 3.11). 
This finding indicates that the fumed silica nanoparticle surfaces are able to catalyze the 
formation of peptide bond and lower dramatically the thermal condensation temperature 
of alanine. For the product of thermal condensation, it is very likely alanine anhydride 
since it has been proposed previously that a single-cycle heating yields primarily the 
cyclic anhydrides (or diketopiperazines, DKP). The thermal analysis results of alanine 
anhydride and alanine anhydride adsorbed on fumed silica nanoparticles support this 
assumption since the onset temperature of alanine anhydride (~213°C) degradation agrees 
well with the onset temperature of thermal degradation (~213°C) for alanine adsorbed on 
fumed silica nanoparticles (Figure 3.11). However, thermal analysis is in fact difficult to 
provide convincing evidence for resolving the product of thermal condensation. Due to 
this, additional techniques such as NMR spectroscopy and IR spectroscopy were used in 
this study to further characterize the product produced. 
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Figure 3.11. DTG curves for (A) Ala/SiO2-0.03M (black) and alanine anhydride (red). (B) 
Alanine anhydride/SiO2-0.03M (green). The experiments were carried out at two different heating 
rates (5 °C/min and 1 °C/min). 
 
 
Table 3.3. Summary of alanine adsorption and thermal condensation on fumed silica 
nanoparticles from thermal analysis 29 
 
Solid-state NMR spectroscopy and IR spectroscopy were applied as techniques 
for investigating the thermal condensation of alanine catalyzed by the fumed silica 
nanoparticle surfaces. 1Hà13C and 1Hà15N CP-MAS NMR experiments were performed 
on isotope labeled samples (13C/15N-Ala/SiO2-0.03M) following thermal condensation 
and the results are shown in Figure 3.12. After thermal incubation at 170 °C for three 
hours, the intensities of the 13C resonance at 176.0 ppm and 15N resonance at 43.3 ppm 
decreased and two new resonances appear due to peptide bond formation during thermal 
condensation. The 13C resonance at 171.1 ppm and 15N resonance at 120.2 ppm were 
assigned to the carbonyl group and the amide group of the formed peptide respectively 
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(Figure 3.12d). The 13C resonance of the carbonyl group is consistent with the 13C 
resonance of the carbonyl group of alanine anhydride (Figure 3.12b), indicating the 
formation of alanine anhydride. Furthermore, the intensity of carboxyl group decreased 
after thermal condensation, showing a small broad peak overlaid with the strong carbonyl 
peak assigned to the peptide. This indicates that the vast majority of adsorbed alanine was 
converted to peptides. This point was further confirmed by 15N solid-state NMR 
spectroscopy where a weak 15N signal for NH3+ groups and a strong signal for peptide 
amide bond was observed following thermal condensation. The 15N resonance of the 
amide group in the formed peptide shows ~3 ppm difference compared to the 15N 
resonance of the amide group for crystalline alanine dipeptide (~123 ppm) [74]. 
However, it has a similar 15N resonance to the amide group of alanine residue in silk 
protein (~120 ppm) that is involved in strong hydrogen-bonding [75]. This indicates that 
the formed peptide may interact with the silica surfaces via amide groups forming 
hydrogen bonds to the silica surface. According to 2D 1H-13C and 2D 1H-15N HETCOR 
NMR spectra (Supplementary, Figure 3.18), the 1H resonance of amide group was 
detected at 6.4 ppm while the 1H resonances of α-CH and β-CH3 is at 3.2 ppm and 1.2 
ppm, respectively. This smaller 1H resonance of amide proton provides further evidence 
that amide protons are involved in a hydrogen bond network with the silica surfaces [53].  
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Figure 3.12. 1Hà13C and 1Hà15N CP MAS spectra of (a) 13C, 15N-Alanine, (b) alanine 
anhydride (c) 13C, 15N-Ala/SiO2-0.03M and (d) 13C, 15N-Ala/SiO2-0.03M incubated at 170 °C for 
three hours.  
 
Similar to the results from solid-state NMR spectroscopy, IR spectroscopy also 
show alanine anhydride formed during thermal condensation (Figure 3.13). The band for 
O=C-O stretching (1624 cm-1) disappeared and two well-defined bands appear at 1668 
cm-1 and 1689 cm-1, which are assigned to the C=O stretching of amide I [76]. This result 
indicates that alanine did undergo thermal condensation at the interfaces and form peptide 
bond. Further, after comparing the spectra of Ala/SiO2-0.03M following thermal 
incubation with the pure alanine anhydride it is compelling to find that vibrational bands 
identified from two spectra are very similar, indicating the formed peptide is alanine 
anhydride in agreement with the solid-state NMR interpretation.  
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Figure 3.13. FTIR spectra of (a) fumed silica nanoparticles, (b) alanine, (c) Ala/SiO2-0.03M, (d) 
Ala/SiO2-0.03M incubated at 170 °C for three hours, (e) product washed off nanoparticles after 
thermal incubation and (f) alanine anhydride. 
 
 
Table 3.4. Assignments of FTIR band 
 
Band position (cm-1) Assignments 
1689 Amide I C=O stretching 
1668 Amide I C=O stretching 
1624, 1615 O=C-O stretching 
1587 NH3+ stretching 
1513 NH3+ stretching 
1473 Ring-stretching 
1455 CH3 stretching 
1412 CH3 stretching 
1362 O=C-O stretching 
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Figure 3.14. 1H NMR spectra of (a) alanine, (b) alanine anhydride, (c) the peptide formed on 
fumed silica nanoparticles, and (d) peptide formed at colloidal silica nanoparticles.  
 
The product formed during the thermal condensation was then washed off the 
fumed silica nanoparticle surfaces and characterized with solution NMR spectroscopy. 
According to the 1H NMR spectra shown in Figure 3.14, the 1H resonances and splitting 
patterns of the formed peptide are identical to those of pure alanine anhydride (Figure 
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3.14a). This result provides strong evidence of that the peptide formed during the thermal 
condensation is alanine anhydride and almost all of the adsorbed alanine was converted 
to alanine anhydride, one of the simplest cyclic peptides. This finding was further 
confirmed by 1H-13C HSQC NMR spectra that indicated the formed peptide is alanine 
anhydride (Supplementary, Figure 3.19). In summary, this combination of experiments 
has shown that fumed silica nanoparticle surfaces are able to serve as catalysts for 
converting alanine to alanine anhydride via thermal condensation, significantly lowering 
the reaction temperature (Figure 3.15). Moreover, the yield of the alanine anhydride is 
estimated to be 98.8 % since only a very small amount of alanine was unreacted and left 
on the surfaces after thermal condensation (Supplementary, Figure 3.20). 
 
 
Figure 3.15. Schematic representation of thermal condensation of alanine at 170 °C forming 
alanine anhydride on fumed silica nanoparticles. 
 
3.3.5 A Comparative Study Between Fumed Silica Nanoparticles and Colloidal Silica 
Nanoparticles on Surface-catalyzed Peptide Bond Formation Reaction  
From the present study on thermal condensation of alanine on fumed silica 
nanoparticles, it is illustrated that fumed silica nanoparticles have exceptionally high 
efficiency for surface-catalyzed peptide bond formation reaction. Here, a simple question 
then arises: do other types of amorphous silica nanomaterials have the same property? To 
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answer this question, we decided to investigate another type of the most common silica 
nanomaterials, colloidal silica nanoparticles. The colloidal silica nanoparticles were 
synthesized following the classical Stöber method and they possess a well-defined 
spherical shape with an average diameter around 38 nm. The surface area is much lower 
that of fumed silica nanoparticles, resulting in a much lower amount of adsorbed alanine 
on the surfaces. The TGA profile indicates the adsorbed alanine is less than 2 wt% and 
the DTG curves shows a small broad peak around 190 °C attributed to the peptide bond 
formation reaction (Supplementary, Figure 3.21). Figure 3.14d shows the 1H NMR 
spectrum of the product from the thermal condensation on Stöber silica nanoparticles. 
The multiple small 1H resonances at 4.2 ppm indicate the formation of alanine anhydride 
but the yield is very low. The vast majority amount of adsorbed alanine still remained 
unreacted on the surface as indicated by the well-defined 1H resonance at 3.8 ppm. This 
result is further supported by IR spectroscopy, showing that the alanine is the main 
species present at the colloidal silica nanoparticle surfaces after thermal condensation 
(Supplementary, Figure 3.22). Based on the comparison between fumed silica 
nanoparticles and colloidal silica nanoparticles on surface-catalyzed peptide bond 
formation reaction, it is concluded that fumed silica nanoparticles possess a better 
efficiency than colloidal silica nanoparticles in forming peptide bond and it has an 
efficiency of 98.8 % and high selectivity in the case of synthesizing alanine anhydride 
from alanine. 
3.3.6 Catalytic Property of Fumed Silica Nanoparticle Surfaces in Peptide Bond 
Formation 
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      It has been demonstrated that some amino acids are able to undergo thermal 
condensation in the presence of inorganic oxides or mineral surfaces such as silica, 
alumina, or clay since it was first discovered in 1978 [20-22, 77]. In this work, we 
showed a good example where fumed silica nanoparticles are able to efficiently catalyze 
the condensation of alanine, forming peptide bonds. More significantly, the formed 
peptide is almost pure alanine anhydride, product of alanine dimerization. Though this 
type of surface-catalyzed peptide bond formation reaction has been shown many times 
during the past decades, the mechanism of the catalysis still remains unclear. However, 
two things appear to be certain for the surface-catalyzed peptide bond formation reaction: 
first, the peptide bond formation reaction from amino acids is thermodynamically 
unfavored in aqueous solutions [78], however, it can be achieved in the adsorbed state on 
surfaces where the water activity is low [20]. Second, keeping water activity low is the 
driving force for the condensation reaction because it releases water as a product. In this 
part of the discussion, we focus on understanding the role of the silica nanoparticle 
surfaces in catalyzing the peptide bond formation by combining the findings from 
previous research and the results we obtained in this work. Additionally, we also discuss 
the possible reasons for the high efficiency for fumed silica nanoparticles. In the 
discussion, diketopiperazine (DKP) will be used to stand for alanine anhydride since it is 
frequently used to indicate the cyclized form of alanine.  
      Since the formation of alanine DKP involves the formation of two peptide bonds, a 
possible two-step reaction mechanism has been proposed: 
Ala(ads) + Ala(ads) 
∆
 Ala-Ala (ads) + H2O (g)       (I) 
Ala-Ala (ads) 
∆
 DKP (ads) + H2O (g)            (II) 
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In step I, adsorbed alanine forms linear alanine dipeptide and it reacts further by 
cyclisation to DKP in step II. Previous studies on glycine adsorbed on silica have shown 
that the cyclization happens at a lower temperature than its initial linear dimerization. So 
it might be the same case for alanine here in this work, where the linear alanine dipeptide 
is formed and it would immediately undergo further cyclization to DKP at elevated 
temperature. 
      According to the DTG results, the adsorbed alanine is the primary reservoir for DKP 
formation at ~ 170 °C with a heating rate of 5 °C/min since the crystalline alanine shows 
no significant thermal event below 200 °C. Furthermore, the little change in temperatures 
of thermal condensation with the increasing amount of alanine on surfaces also indicates 
that the adsorbed alanine is the main contribute for the condensation reaction. Based on 
this finding, understanding the mechanism of DKP formation lies on unraveling the 
interaction between adsorbed alanine and surface groups, and the behavior of adsorbed 
alanine at the interfaces during thermal incubation. For the interaction between adsorbed 
alanine and surface groups, solid-state NMR spectroscopy has provided some clues 
regarding the binding state of alanine and more details can be found in our previous work 
[48, 50, 58]. At very low water activity levels, the reorientation of adsorbed alanine is 
restricted to some degree and it interacts with surface silanol groups via the carboxyl 
group and protonated amine group (NH3+). This is likely the model describing the surface 
chemistry at the very early stage of thermal incubation when the sample is being heated 
up to 100 °C since most physisorbed water is removed from nanoparticles surfaces. In the 
following thermal incubation with the temperature increasing up to 170 °C, the mobility 
of the adsorbed alanine increases since the alanine-surface interaction may be broken and 
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reformed during this stage. This thermally driven reorientation makes alanine molecules 
interact frequently with each other at the interfaces. Surface silanol groups are also able 
to serve as the active sites for interacting with both carboxylate groups and amine groups, 
which may lower the energy barrier for subsequent peptide bond formation reaction 
between alanine molecules. When the temperature reaches the point of overcoming the 
energy barrier of the peptide bond formation reaction (~170 °C with a heating rate of 5 
°C in this work), the condensation is triggered and the peptide bond forms. This proposed 
mechanism may give an explanation for forming peptide bond at lower temperature on 
silica nanoparticle surfaces including fumed silica nanoparticles and colloidal silica 
nanoparticles compared to that in bulk.  
 
Figure 3.16. A) Raman spectra of (a) alanine adsorbed fumed silica nanoparticles (Ala/SiO2-
0.03M), (b) Ala/SiO2-0.03M after thermal incubation at 170 °C for three hours, (c) alanine 
adsorbed colloidal silica nanoparticles, and (d) alanine adsorbed colloidal silica nanoparticles 
after thermal incubation at 170 °C for three hours. B) Raman spectra of fumed silica (solid line) 
and alanine adsorbed fumed silica nanoparticles after thermal incubation at 170 °C for three hours 
(dashed line). The spectra were normalized using the peak area of the Si-O-Si band at ~800 cm-1. 
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incubation at 170 °C for three hours was collected and compared to the fumed silica 
nanoparticles (Figure 3.16B). Adsorbed alanine does not present in crystalline form since 
there is no characteristic resonances were found for alanine in crystalline form 
(Supplementary, Figure 3.23). More than that, the formed alanine anhydride was barely 
detected in Raman spectrum due to the small amount at the interface and presence in 
amorphous state, which is frequently found in surface chemistry studies without surface-
enhanced Raman scattering (SERS) techniques [79]. The spectra were normalized to the 
amplitude of the band centered at ~800 cm-1 for carrying out a quantitative analysis. This 
protocol is suitable and reliable because the band at ~800 cm-1 assigned to the symmetric 
stretching vibration of the Si-O-Si group is very stable and this protocol has been proven 
in previous studies [32, 80]. The intensity of D2 band showed a significant decrease while 
the intensity of D1 band did not vary to any appreciable extent. Since D2 band is assigned 
primarily to the three-membered siloxane ring structure, this result indicates that the 
content of three-membered siloxane rings decreased during the processing and thermal 
condensation. It has been suggested recently using electron paramagnetic resonance 
(EPR) that the surface three-membered siloxane rings of fumed silica can form radicals 
via hemolytic cleavage of siloxane bonds that can further generate hydroxyl radicals 
when hydrolyzed [4]. Based on this finding, it may be reasonable to propose that surface 
radicals may be generated on fumed silica nanoparticle surfaces during processing and 
then catalyze the peptide bond formation reaction significantly. The contribution of 
radicals to the high efficiency of fumed silica nanoparticles still remains uncertain and it 
needs more investigation, however, it is important to note here that fumed silica 
nanoparticles, in contrast to colloidal silica nanoparticles, has a considerable amount of 
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surface three-membered siloxane rings which can potentially serve as a reservoir for 
surface radicals. In addition, a recent simulation study has proposed another mechanism 
in which strained siloxane rings react first with carboxylic acids forming a -Si-O-C(=O)- 
surface mixed anhydride, and the surface mixed anhydride undergo further reaction with 
amines to from peptide bonds [18]. For more details on the mechanism, we will continue 
our investigation and address more details in our future work. 
3.4 Conclusions 
Alanine adsorption and thermal condensation on fumed silica nanoparticles were 
thoroughly investigated with 1H, 13C and 15N multi-nuclear, multi-dimensional MAS 
solid-state NMR spectroscopy. Three species of alanine were detected on fumed silica 
nanoparticles under different conditions: 1) crystalline and adsorbed alanine at high 
surface coverage; 2) freely rotating and re-orientating adsorbed alanine interacting with 
mobile interfacial water at high hydration level; 3) reorientation restricted adsorbed 
alanine interacting with surface silanol groups via the carboxyl group and protonated 
amine group (NH3+) under dry conditions at low surface. Furthermore, we carried out a 
thorough investigation on thermal condensation of alanine on fumed silica nanoparticles 
with a combination of thermal analysis and multiple spectroscopic techniques. It is found 
that the adsorbed alanine can undergo a surface-catalyzed thermal condensation at round 
170 °C, forming alanine anhydride with a very high yield of 98.8 %. This finding 
suggests a potential way of synthesizing peptides with high efficiency and high 
selectivity at inorganic nanostructured interfaces. After comparing to the study of 
surface-catalyzed peptide bond formation on colloidal silica nanoparticles, it is found that 
the high efficiency for fumed silica nanoparticles is likely related to the intrinsic strained 
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ring structures present at the nanoparticles surfaces. Furthermore, in this work, NMR 
spectroscopy, IR spectroscopy and Raman spectroscopy have been successfully applied 
for characterizing the alanine-silica interfaces, which demonstrates that these techniques 
can be used in the future for more bio-inorganic interface research. 
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3.6 Supplementary Materials 
 
Figure 3.17. 1H MAS NMR spectra of (a) dried fumed silica nanoparticles (b) 13C/15N-alanine, 
(c) “hydrated” 13C/15N-Ala/ SiO2-0.03M, (d) “hydrated” 13C/15N-Ala/ SiO2-0.10M, (e) “dry” 
13C/15N-Ala/ SiO2-0.03M, (f) “dry” 13C/15N-Ala/ SiO2-0.10M. Experiments were conducted at 400 
MHz and a MAS speed of 35 kHz for all samples with exception of dried fumed silica 
nanoparticles (20 kHz). The resonance at -0.05 ppm is due to a silicone rubber impurity following 
the vacuum drying process. 
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Figure 3.18. 1Hà13C (left) and 1Hà15N (right) 2D HETCOR NMR spectra of (a) 13C, 15N-Ala/ 
SiO2-0.03M (b) 13C, 15N-Ala/ SiO2-0.03M incubated at 170 °C for three hours.  
 
 
 
 
Figure 3.19. 1H-13C HSQC NMR spectra of alanine anhydride (black) and peptide formed at 
fumed silica nanoparticles surfaces by incubating Ala/SiO2-0.03M at 170 °C for three hours (red). 
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Figure 3.20. 1H NMR spectra of (a) alanine and (b) peptide formed at fumed silica nanoparticles 
surfaces by incubating Ala/SiO2-0.03M at 170 °C for three hours. The spectra presented here 
were scaled up 100x compared to the spectra in Figure 3.14a & 3.14b. 
 
 
 
Figure 3.21. TGA (black) and DTG (red) curves for alanine adsorbed colloidal silica 
nanoparticles. Heating rate is 5 °C/min. 
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Figure 3.22. FTIR spectra of (a) colloidal silica nanoparticles, (b) alanine, (c) alanine adsorbed 
colloidal silica nanoparticles, (d) alanine adsorbed colloidal silica nanoparticles incubated at 170 
°C for three hours, and (e) alanine anhydride. 
 
 
Figure 3.23. Raman spectra of (a) alanine and (b) alanine anhydride in crystalline form. 	
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CHAPTER 4 
Investigating Lysine Adsorption on Fumed Silica Nanoparticles 
4.1 Introduction 
The nature of interactions between biomolecules and the surfaces of inorganic 
materials has attracted considerable attention in recent years since it is of great 
significance in many research fields, such as prebiotic chemistry [1-4], bio-
nanotechnology [5-10] and drug delivery [11-15]. For instance, some minerals have been 
shown to catalyze peptide synthesis, providing a new explanation on the origin of life [1, 
16]. In addition, some biomolecules with pharmaceutical properties can be adsorbed at 
specific inorganic material interfaces and then released in vivo in a well-controlled way 
[12, 14]. Adsorption of amino acids and peptides on silica surfaces is one specific class of 
such bioorganic-inorganic interface systems. Silica was extensively studied and utilized 
for various applications such as catalysis, solar cells and even cancer therapy [5, 10, 17]. 
Fumed silica is one class of synthetic silica materials with a high surface area [18]. It is 
produced at high temperature by hydrolyzing silicon tetrachloride vapor in a flame 
followed by rapid quenching to room temperature. Due to this, it acquires some unique 
characteristics such as amorphous structure, nanoscale size and an extensively high 
surface area. The studies of surface chemistry at fumed silica interfaces have been carried 
out for decades because of the considerable utility of high surface area amorphous 
silicates [18-32]. 
Lysine (Lys) has been used in a large number of studies due to its unique 
structure, where there is one single side chain amine group. It is this side chain amine 
group that makes lysine the simplest basic amino acid compared with the other two basic 
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amino acids, arginine and histidine. Due to this, lysine has been used in synthesizing a 
range of nanomaterials [33-35]. Recently, Yokoi et al discovered that lysine is a good 
ligand in synthesizing ultra-small silica nanoparticles (<10 nm) that show great potential 
in future nanotechnology applications [35]. Figure 4.1 shows the summary of different L-
lysine forms and the charged state of a silica surface at variable pH values [36-39]. The 
structure of bulk lysine has not been clearly defined but the structure of lysine mono-
hydrochloride dihydrate was determined by X-ray diffraction (XRD) and neutron 
scattering techniques [40, 41].  
 
Figure 4.1. Summary of different L-lysine forms and charged states of silica surface as a function 
of pH values.  
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Considerable work has been done to understand the interaction between amino 
acids and silica surfaces where the primary focus was on alanine and glycine adsorption 
[42-54]. Less work has been performed to study lysine adsorption on silica surfaces [37, 
38, 42, 52]. The main techniques that have been used to study the adsorption behavior of 
lysine on surfaces of inorganic materials are IR spectroscopy and thermal analysis. By 
using IR spectroscopy, it is easy to determine the protonation state of lysine on surfaces 
at variable pH values [37, 38]. Thermal analysis, including thermal-gravimetric analysis 
(TGA) and differential scanning calorimetry (DSC), has also been applied to study the 
thermal transformation of lysine molecules on surfaces [42]. To date, solid-state NMR 
techniques have not been used to study lysine adsorption and thermal transformation of 
lysine molecules at silica interfaces. Compared with thermal analysis, solid-state NMR is 
able to provide molecular and atomic level details [55]. Many solid-state NMR methods 
and techniques have been developed and applied to study the interaction between amino 
acids and silica surfaces [43, 44, 46-48, 51, 56, 57]. Shir et al. used rotational-echo 
double-resonance (REDOR) NMR [58] to investigate the adsorbed state and the local 
dynamics of alanine molecules on silica surface and they proposed that alanine is more 
mobile when hydrated [44]. Also, Amitay-Rosen et al. used 2H NMR to study the 
dynamics of water and alanine molecules adsorbed on silica surfaces [43].  
In the present work, we applied solid-state NMR techniques including ultrafast 
magic-angle-spinning [59, 60] (MAS) 1H NMR and multi-nuclear and multi-dimensional 
13C and 15N NMR to determine the structure of bulk lysine and investigate lysine 
adsorbed on fumed silica nanoparticles. Furthermore, in order to elucidate the interaction 
between lysine and silanol groups on silica surfaces, we performed density functional 
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theory [61, 62] (DFT) calculations for 1H, 13C, 15N chemical shifts of lysine-silanol 
complex species and geometries. The combination of NMR experiments with DFT 
calculations allows us to propose structural models for lysine interacting at silica 
nanoparticle interfaces. 
4.2 Materials and Methods 
4.2.1 Materials 
Fumed silica nanoparticles (~7 nm) with BET (Brunauer, Emmett and Teller) 
surface area of 395 ± 25 m2/g and pure L-lysine (99% purity) were purchased from 
Sigma-Aldrich. U-[15N,13C]-L-lysine·2HCl was purchased from Cambridge. Isotopes. 
Inc. All materials were used as received and the stable isotope enrichment levels of 
labeled compounds are 98%. U-[15N,13C]-L-lysine·2NaCl was prepared by crystallizing 
in DI water after adjusting to pH~10 with 1.0 M NaOH. 
4.2.2 Sample Preparation 
Fumed silica nanoparticles used in the study were initially heated up to 500 °C for 
24 hours to remove free water and impurities on the surface. In a typical adsorption 
procedure, 150 mg of fumed silica nanoparticles was immersed in a 10.0 mL aqueous 
solution of L-lysine with varying concentrations and the solution was stirred at room 
temperature for 3 hours to ensure the adsorption reached equilibrium. The solid was then 
separated by centrifugation and carefully dried under vacuum at 30 °C for over 15 hours. 
The samples prepared from solutions of various concentrations were noted as Lys/SiO2-
xM, where x refers to the lysine concentration in the adsorption solution (in mol·L-1). 
Since all experiments were carried out in pure DI water, the pH values of all the solutions 
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are around 10.0 (10.0 ± 0.3), corresponding to the isoelectric pH value of lysine in pure 
water. 
To prepare 13C, 15N-L-lysine adsorbed fumed silica samples, 60.0 mg fumed silica 
nanoparticles and 9.0 mg 13C, 15N-L-lysine·2HCl (0.01 M) were mixed in DI water and 
the solution pH was adjusted to 10.0 with 1.0 M NaOH. The volume of the final solution 
is 4.0 mL and the suspension was then stirred for 3 hours to reach equilibrium. The 
mixture was then centrifuged and the remaining powder was allowed to vacuum dry at 30 
°C for over 15 hours. 
4.2.3 Thermal-gravimetric Analysis (TGA) 
TGA experiments were performed on Lys/SiO2-xM samples with a TA2910 (TA 
Instrument Inc.) under N2 flow (60 mL/min for furnace and 40 mL/min for balance). The 
heating rate was 5 °C/min and for each experiment, 7-10 mg of sample was used. Before 
each experiment, the sample was kept under a N2 flow for 10 min to remove most of the 
physisorbed water and obtain a stable baseline. 
4.2.4 Solid-state NMR Spectroscopy  
1Hà13C and 1Hà15N cross-polarization magic-angle-spinning [63, 64] (CP-
MAS) NMR experiments, two-dimensional (2D) 13C-13C through-space correlation NMR 
experiments with dipolar-assisted rotational resonance [65, 66] (DARR), 2D 13C-13C 
through-bond double-quantum (DQ)/single-quantum (SQ) refocused incredible natural 
abundance double quantum transfer NMR experiments [67, 68] (INADEQUATE) and 2D 
15N-13C heteronuclear correlation (HETCOR) NMR experiments were performed on 
Varian VNMRS 400 MHz spectrometer. For the U-[15N,13C]-L-lysine·2HCl and natural 
abundance Lys/SiO2 samples, 2D 13C-13C correlation experiments and CP-MAS NMR 
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experiments were collected with a 4.0 mm triple resonance probe operating in triple 
resonance (1H/13C/15N) mode at a MAS speed of 10 kHz. The CP condition for 1Hà13C 
CP-MAS NMR experiments consisted of a 4.0 µs 1H π/2 pulse, followed by a 2.0 ms 
ramped (8 %) 1H spin-lock pulse of 62.5 kHz radio frequency (rf) field strength. The 
experiments were performed with a 50 kHz sweep width, a recycle delay of 3.0 s and 
two-pulse phase-modulated [69] (TPPM) 1H decoupling level of 65 kHz. The CP 
condition for 1Hà15N CP-MAS NMR experiments consisted of a 3.25 µs 1H π/2 pulse, 
followed by a 1.0 ms ramped (10 %) 1H spin-lock pulse of 75 kHz rf field strength. The 
experiments were performed with a 50 kHz sweep width, a recycle delay of 3.0 s and 1H 
decoupling level of 80 kHz. For the 13C, 15N-labeled Lys/SiO2 samples, CP-MAS NMR 
experiments and 2D 15N-13C HETCOR NMR experiments were collected with a 3.2 mm 
triple resonance probe operating in triple resonance (1H/13C/15N) mode at a MAS speed of 
10 kHz. For 1Hà13C CP-MAS NMR experiments, the CP condition consisted of a 2.5 µs 
1H π/2 pulse, followed by a 1.0 ms ramped (8 %) 1H spin-lock pulse of 100 kHz rf field 
strength. The experiments were performed with a 50 kHz sweep width, a recycle delay of 
3.0 s and 1H decoupling level of 90 kHz. For 1Hà15N CP-MAS NMR experiments, the 
CP condition consisted of 2.5 µs 1H π/2 pulse, followed by a 1.0 ms ramped (12 %) 1H 
spin-lock pulse of 55 kHz rf field strength. The experiments were performed with a 25 
kHz sweep width, a recycle delay of 5.0 s and 1H decoupling level of 90 kHz. 2D 13C-13C 
through-space correlation NMR experiments, 2D 13C-13C INADEQUATE and 2D 15N-13C 
HETCOR NMR experiments were used for assigning resonances (see supplementary for 
experimental details). 
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1H MAS NMR experiments and 2D 1H-13C HETCOR NMR experiments were 
carried out on Varian VNMRS 800 MHz with a 1.6 mm triple resonance probe operating 
in double resonance (1H/13C) mode. 1H MAS NMR experiments were collected with 2.0 
µs 1H π/2 pulse, 25 kHz sweep width at 30 kHz MAS. 2D 1H-13C HETCOR NMR 
experiments were done at spinning speed of 35 kHz. The 1Hà13C CP condition consisted 
of a 2.6 µs 1H π/2 pulse, followed by a ramped (10 %) 1H spin-lock pulse of 100 kHz rf 
field strength of variable contact time (0.25 ms, 2.0 ms). The sweep widths of direct 
dimension and indirect dimension are 50 kHz and 25 kHz respectively with 32 complex t1 
points. The recycle delay was 3.0 s and TPPM 1H decoupling with a rf field strength of 
110 kHz was used during acquisition.  
Ultrafast 1H MAS NMR experiments and 1H-1H back-to-back [70, 71] (BABA) 
dipolar DQ/SQ correlation NMR experiments were carried out on a Bruker AVIII 850 
MHz spectrometer equipped with a 1.3 mm double resonance probe (1H/13C) at a MAS 
speed of 67 kHz. The experiments were done with one rotor period BABA for excitation 
and reconversion, a 1.5 µs 1H π/2 pulse, relaxation delay of 5.0 s and 128 complex t1 
points. In all experiments, the chemical shifts of 1H, 13C and 15N were indirectly 
referenced to adamantane 1H (1.63 ppm), adamantane 13C (38.6 ppm) and glycine 15N 
(31.6 ppm), respectively [72, 73]. 
4.2.5 DFT Calculation 
Both geometry optimization and NMR chemical shifts calculation were 
performed with B3LYP DFT method using 6-31G+(d, p) basis sets in Gaussian09 [74, 
75]. It is well demonstrated that the B3LYP/6-31G+(d, p) level can provide reliable NMR 
chemical shift results [49, 76, 77]. To reduce the computational cost, we used a silanol 
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(HOSiH3) molecule instead of using a complete silica surface model. In the calculations, 
bulk lysine and lysine/silanol complex species (Figure 4.2A, 4.2B.) were geometrical 
optimized first and then the optimized structures were used in NMR chemical shift 
calculations. NMR chemical shifts calculations were performed using the Gauge-
Including Atomic Orbital [75, 78] (GIAO) method and 1H, 13C and 15N chemical shift 
values were analyzed. In 13C and 15N data analysis, we applied two extrapolated curves 
for 13C and 15N respectively to transform all calculated chemical shielding values to 
chemical shift values. This method is demonstrated to be more accurate than simply using 
a standard reference [76, 77]. For 1H, the calculated chemical shifts were referenced to 1H 
chemical shift of tetramethylsilane (TMS) calculated with the same basis set.  
 
Figure 4.2. Bulk lysine and lysine/silanol complex models used in DFT calculations: A) Lysine, 
B) Lys-H-OSiH3. 
 
4.3 Results and Discussion 
4.3.1 Protonation State of L-Lysine in the Solid State  
The 1H MAS NMR spectra of natural abundance bulk lysine at different MAS 
speeds are shown in Figure 4.3A and the 2D 1H-1H dipolar DQ/SQ NMR spectrum 
(A) (B) 
	 111 
collected with the BABA pulse sequence is shown in Figure 4.3B. With increasing 
spinning speed, the resolution of the 1H MAS NMR spectrum for bulk lysine is improved 
dramatically with well-resolved resonances observed for the spectrum collected with a 67 
kHz MAS speed. According to 2D 1H-13C HETCOR NMR spectrum (Supplementary, 
Figure 4.10), the resonances at 3.6 ppm and 2.2 ppm were assigned to α-CH and ε-CH2 
respectively and that the broad component at 1.5 ppm is a combination of β-CH2, γ-CH2, 
δ-CH2. It is difficult to determine the protonation states of the amine groups in bulk 
lysine from the 1H MAS and 2D 1H-13C HETCOR NMR experiments. 1H-1H DQ/SQ 
NMR experiment with a MAS speed of 67 kHz was applied to better assign the 1H 
spectrum. In the 1H-1H DQ/SQ NMR spectrum, the resonance at 3.6 ppm was assigned to 
α-CH since it has no on diagonal resonance and this result is consistent with the 2D 1H-
13C HETCOR NMR result. The resonance at 8.4 ppm was assigned to α-NH3+ because 
only strong DQ correlation to α-CH was observed with no obvious DQ correlation to ε-
CH2 (dashed circle). The result indicates that ε-NH2 is not protonated in bulk lysine and it 
has a relatively small resonance that is probably convoluted by the broad component in 
the 0-2 ppm region of the spectrum. DFT calculation further suggests that the ε-NH2 
resonance probably appears around 0.7 ppm. The protonation state of lysine in its bulk 
form is as proposed in Figure 4.3A and takes on the zwitterion form observed for most 
amino acids such as alanine and glycine.  
4.3.2 Adsorption Behavior of Lysine on Fumed Silica Nanoparticles 
TGA is an accurate technique to measure the amount of adsorbed lysine on fumed 
silica nanoparticles. Since all adsorbed amino acids will completely decompose when 
heating to 600 °C under nitrogen gas flow, we can quantify the amount of lysine on the 
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surface from TGA curves. Figure 4.4A shows the TGA curves for lysine/silica samples 
prepared from solutions with different initial lysine concentrations. Clearly, with 
increasing initial concentration, the surface coverage increases. The weight loss between 
100 °C and 600 °C is attributed to the amount of lysine on the surfaces and the 
quantitative results are presented in Table 4.1. As expected, it shows that the adsorbed 
amount of lysine increases when increasing the initial lysine concentration in solution. 
The adsorption behavior of lysine molecules is described in Figure 4.4B. We applied 
Langmuir isotherm to fit the data, showing that at low concentration, the adsorption 
behavior of lysine fits well to a Langmuir isotherm but the fitting deviates at high 
concentration (Figure 4.4B). This is mostly because at high concentration, the adsorption 
behavior of lysine not only depends on the state of the surface, but also on the interaction 
between lysine molecules. Based on the Langmuir isotherm fitting result for the first 5 
points, ideally, the maximum amount of adsorbed lysine is 2.3 ± 0.2 molecule/nm2 and 
the equilibrium constant is 32.2 ± 8.6 M-1.  
 
NH2
H3N
O
O-
α
βγ
δε
+
α-NH3+
67 kHz
30 kHz
α-CH
ε-CH2
β-CH2, δ-CH2, γ-CH2, ε-NH2 
14 12 10 8 6 4 2 0 -2 -4
1H Chemical Shift (ppm)
{{ {(A) 
	 113 
 
Figure 4.3. (A) 1H NMR spectra of natural abundance bulk lysine at MAS speeds of 30 kHz and 
67 kHz at a 1H Larmor frequency of 800 MHz and 850 MHz, respectively. (B) 1H-1H BABA 
NMR spectrum of natural abundance bulk lysine at spinning speed of 67 kHz at a 1H Larmor 
frequency of 850 MHz. 
 
 
Figure 4.4. (A) TGA curves of lysine/silica samples as a function of initial concentration of 
lysine in the adsorption solution. (B) The amount of lysine adsorbed on silica as a function of 
initial concentration of lysine at room temperature and pH=10.0. 
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Table 4.1. Effect of initial concentration of solution on lysine adsorption on fumed silica 
nanoparticles from TGA 
 
4.3.3 Adsorption State of Lysine on Fumed Silica Nanoparticles 
1Hà13C and 1Hà15N CP-MAS NMR experiments were applied in this work to 
investigate the adsorption state of lysine at interfaces of nanoparticles. Figure 4.5 shows 
the 1Hà13C and 1Hà15N CP-MAS NMR spectra of three different lysine samples and 
two lysine/silica samples. The 13C and 15N resonance assignments are shown in Table 4.2. 
Based on the carbon and nitrogen NMR spectra and Table 4.2, several conclusions can be 
drawn. First, lysine has three different protonation states. For natural abundance lysine, it 
was shown from the 2D 1H-1H dipolar DQ/SQ NMR spectrum that the ε-NH2 is 
deprotonated and the α-NH2 is protonated (Figure 4.3). The 13C resonances at 177 ppm, 
55 ppm, 35 ppm, 22 ppm, 32 ppm and 44 ppm were assigned to carboxyl group, a-CH, b-
CH, g-CH, d-CH and ε-CH2 respectively and the 15N resonances at 39 ppm and 24 ppm 
were assigned to α-NH3+ and ε-NH2 respectively based on INADEQUATE and 2D 15N-
13C HETCOR NMR experiments, respectively (Supplementary, Figure 4.11, Figure 
4.12). For 13C, 15N-Lysine·2HCl, the 15N resonances of both amine groups have large 
downfield shifts due to protonation and hydrogen bonding interaction with Cl-. In 
addition, the 13C resonance of the carboxyl group shifts upfield by 6 ppm to 171 ppm, 
indicating that the carboxyl group is protonated. For 13C, 15N-Lysine·2NaCl, the 13C 
[Lysine] Free water (wt %) Lysine (wt %) 
Total adsorbed 
amount (wt %) 
Surface coverage 
(molecules/nm2) 
0.01 M 1.16 5.85 7.01 0.7 
0.03 M 1.39 9.06 10.45 1.1 
0.05 M 1.13 11.85 12.98 1.4 
0.08 M 1.34 13.51 14.85 1.7 
0.10 M 1.63 14.62 16.25 1.8 
0.12 M 1.48 15.99 17.47 2.0 
0.15 M 2.12 17.74 19.86 2.3 	
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resonances of the carboxyl group and α-CH are identical to those of natural abundance 
lysine, indicating the carboxyl group is deprotonated and the α-NH2 is protonated. 
However, two resonances are found in ε-CH2 region with one at 40 ppm and the other at 
43 ppm, indicating that there is a mixture of protonated and deprotonated components. 
The proposed structure of each sample is presented in Table 4.2.  
Comparing the lysine spectra with Lysine/SiO2 spectra, it is found that for both 
the Lys/SiO2-0.01M and the 13C, 15N-Lysine/SiO2 the 13C resonances of the carboxyl 
group and α-CH and the 15N resonance of α-NH2 are almost identical to those of natural 
abundance lysine, indicating the carboxyl group is deprotonated and the α-NH2 is 
protonated (α-NH3+). However, the 13C resonance of ε-CH2 has an identical value as that 
of 13C, 15N-Lysine·2HCl and 15N resonance of ε-NH2 has an 8 ppm downfield shift 
compared with that of natural abundance lysine, indicating that the ε-NH2 is protonated, 
forming a strong hydrogen bonding interaction with the surface silanol groups. To prove 
this hypothesis, we further applied 2D 1H-13C HETCOR NMR experiment to investigate 
the correlation between silanol groups and adsorbed lysine. The results of the HETCOR 
NMR experiment are discussed in the following paragraph. It is also worth mentioning 
that one extra resonance at 182 ppm is found in carboxyl group region for 13C, 15N-
Lysine/SiO2. This is probably due to a small amount of NaCl present in the sample, 
forming a lysine/NaCl complex [57].  
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Figure 4.5. Top: 1Hà13C CP-MAS NMR spectra of (a) bulk lysine, (b) 13C, 15N-Lysine·2HCl, (c) 
13C, 15N-Lysine·2NaCl, (d) Lys/SiO2-0.01M and (e) 13C, 15N-Lysine/SiO2 (0.01 M). The spectra 
were collected with a MAS speed of 10 kHz, a relaxation delay time of 3 s and a contact time of 
1.0 ms. Bottom: 1Hà15N CP-MAS NMR spectra of (a) bulk lysine, (b) 13C, 15N-lysine·2HCl and 
(c) 13C, 15N-Lysine/SiO2 (0.01 M). 
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Table 4.2. 13C and 15N chemical shifts of lysine and lysine/SiO2 samples a 
 
a Chemical shifts are reported in ppm. 		
 
Figure 4.6. 1H NMR spectra of (a) natural abundance bulk lysine and (b) 13C, 15N-Lysine/SiO2 at 
a MAS speed of 67 kHz.  	
The 1H MAS spectra of natural abundance pure lysine and 13C, 15N-Lysine/SiO2 
at a MAS speed of 67 kHz are shown in Figure 4.6. It is found that 1H resonances of α-
CH and ε-CH2 for adsorbed lysine have small offsets compared to those of bulk lysine. 
This is probably due to the change of structure and protonation state during the 
adsorption. The broad resonance at around 7.0 ppm is assigned to the protonated amine 
groups (ε-NH3+) interacting with the surface silanol groups at the silica nanoparticle 
interface. Figure 4.7 shows the 2D 1H-13C HETCOR NMR spectrum of 13C, 15N-
ε-NH2-H-OSi-
1H Chemical Shift (ppm)
α-NH3+
α-CH
ε-CH2
β-CH2, δ-CH2, γ-CH2 
(b)
(a)
14 12 10 8 6 4 2 0 -2 -4
Sample 
Natural 
Abundance 
Lysine 
13C, 15N-
Lysine·2HCl 
13C, 15N-
Lysine·2NaCl 
Lys/ SiO2-
0.01M 
13C, 15N-
Lysine/SiO2 
C=O 177 171 177 176 176, 182 
Cα 55 53 55 55 55 
Cβ 35 26, 31 33 30 30 
Cγ 22 21, 23 22 23 23 
Cδ 32 25, 26 31, 25 27 27 
Cε 44 40 43, 40 40 40 
α-NH2 /α-NH3+ 39 45 - - 39 
ε-NH2 /ε-NH3+ 24 40 - - 32 	
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Lysine/SiO2 with different CP contact times (0.25 ms, 2.0 ms). Since 2D 1H-13C 
HETCOR NMR experiment is a dipolar-based experiment, where magnetization is 
transferred through space, long-range correlations can be detected by applying a 
relatively long CP contact time. In addition to seeing the expected direct 1H-13C 
correlations, the correlation shown around 7.4 ppm in 1H dimension of the spectrum with 
a 2.0 ms contact time is assigned to the correlation between silanol group and the ε-CH2 
of adsorbed lysine. This result provides strong evidence that the side-chain amine group 
of adsorbed lysine interacts with silanol groups on silica surfaces and gets protonated. 
 
Figure 4.7. 1H-13C 2D HETCOR NMR spectrum of 13C, 15N-Lysine/SiO2 with different mixing 
times (0.25 ms, 2.0 ms). Experiments were done at a 1H Larmor frequency of 800 MHz with a 1.6 
mm triple resonance probe operating in double resonance (1H/13C) mode and a MAS speed of 35 
kHz. 	
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The 13C, 15N-Lysine/SiO2 sample prepared in this work involves sodium chloride 
introduced by the pH adjustment process with NaOH during adsorption. The NaCl is 
difficult to remove since the solubility of lysine in water is similar to that of sodium 
chloride. To understand if sodium chloride will impact the lysine adsorption on silica 
surfaces, we carried out several experiments with natural abundance lysine that is initially 
salt free and applied 1Hà13C CP-MAS NMR spectroscopy to characterize the state of 
adsorbed lysine. The results are shown in Figure 4.8 for (a) Lys/SiO2-0.01M sample, (b) 
Lys/SiO2-0.10M sample and (c) the sample prepared in a similar way as Lys/SiO2-0.10M 
sample with 0.20 M NaCl (Lys/SiO2-0.10M/NaCl). Based on the NMR results, it is easy 
to determine that salt free Lys/SiO2-0.10M sample shows a small peak at 164 ppm that 
was not observed in the spectra of both Lys/SiO2-0.01M sample and Lys/SiO2-
0.10M/NaCl sample. This is because lysine molecules form a monolayer on silica 
nanoparticles for Lys/SiO2-0.01M/NaCl and Lys/SiO2-0.10M/NaCl samples while they 
form multilayers for Lys/SiO2-0.10M sample. The resonance at 164 ppm is assigned to 
carbonyl carbon of carbamates since primary amines are known to be able to react with 
CO2 to form alkyl-ammonium and alkylcarbamates according to a reaction shown in 
Figure 4.8 [77, 79, 80]. The formed carbamates can interact with adsorbed lysine in the 
salt free system by forming hydrogen bonding with protonated α-NH3+, making it 
detectable by 1Hà13C CP-MAS NMR spectroscopy. As a result, all amine groups of 
adsorbed lysine are protonated in the former case, preventing them from reacting with 
CO2 in air. After introducing NaCl into Lys/SiO2-0.10M, both sodium ions and chloride 
ions can break the hydrogen bonding system formed by carbamates and α-NH3+ of 
adsorbed lysine, making the small peak disappear. This point also agrees with the TGA 
	 120 
result where the surface coverage of sample (c) is about 1.60 molecules/nm2. This is 
lower than the surface coverage of Lys/SiO2-0.10M sample (1.82 molecules/nm2). 
According to these two results, we conclude that sodium chloride decreased the amounts 
of adsorbed lysine and it prevented lysine from forming multilayers on silica surfaces. 
The sample (c) is in fact a monolayer sample, where the surface coverage of lysine 
reaches the maximum for monolayer adsorption (~1.60 molecules/nm2).  
 
 
Figure 4.8. 1Hà13C CP-MAS NMR spectra of (a) Lys/SiO2-0.01M, (b) Lys/SiO2-0.10M, and (c) 
Lys/SiO2-0.10M/NaCl. 	
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4.3.4 DFT Calculation  
To elucidate the adsorption state of lysine on silica surfaces and to determine the 
exact complex structure lysine forms with surface silanol group, we applied DFT 
calculations. Generally, we optimized structures and calculated the chemical shifts for 
bulk lysine and a possible lysine/silanol complex determined from NMR experiments 
(Figure 4.9). In this work, we extrapolated curves for 13C and 15N to convert all calculated 
chemical shielding values to chemical shift values. The extrapolated equation for 13C 
chemical shifts was derived based on the experimental and calculated 13C chemical shift 
values of bulk lysine since the structure of bulk lysine was elucidated in this work. 
Extrapolated equation of 15N chemical shift was obtained from Alexandra Dos et al’s 
work [76, 77] since they studied the structure of poly-L-lysine systematically by 15N 
NMR and DFT calculations. The extrapolated equations of 13C and 15N chemical shifts 
are as follows:  
13C:  δExtrapolate= -1.123* σCal +206.1 ppm 
15N:  δExtrapolate= -0.778* σCal +212.9 ppm 
By using these equations, all calculated 13C and 15N chemical shielding values were 
converted to chemical shift values and are presented in Table 4.3. It is found that the N-H 
distance in hydrogen bonding system is 1.807 Å for Lys-H-OSiH3, corresponding to 
hydrogen bonding energy of 42.01 kJ/mol (Supplementary, Table 4.4). From chemical 
shift calculations, the α-NH3+ protons of bulk lysine have three different chemical shifts 
at 11.6, 1.9, 0.5 ppm due to the asymmetry of the protons. After averaging the calculated 
chemical shifts, the average value (4.7 ppm) is still far off the experiment result. This is 
probably due to the fact that the α-NH3+ group may interact with other groups like 
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carboxylate group and Cl- ions or the model used for calculation is not reliable enough to 
get reliable α-NH3+ 1H chemical shifts [81]. For other groups, the 1H chemical shifts are 
very close to the experimental results. For Lys-H-OSiH3, ε-NH3+ group shows calculated 
chemical shifts of 7.5, 1.1, 0.7 ppm where the hydrogen bonding proton has a chemical 
shift of 7.5 ppm. Considering the slow free rotation of the ε-NH3+ group due to the strong 
hydrogen binding, the calculation result is consistent with experimental result (7.4 ppm). 
Moreover, the calculated 13C chemical shift of ε-CH2 for Lys-H-OSiH3 is only 1 ppm off 
the experimental data and the calculated 15N chemical shift of α-NH3+ and ε-NH3+ have 2 
ppm and 4 ppm off the experimental data respectively for Lys-H-OSiH3. Combining the 
calculated and experimental results, it is convincing to argue that the lysine side-chain 
amine group is the dominant hydrogen-bonding interaction with surface silanol groups at 
silica nanoparticles and Lys-H-OSiH3 complex is the most probable structure. Combined 
with NMR experiment results, the proposed favorable model for lysine adsorption on 
fumed silica nanoparticles surfaces was presented in figure 4.9. 
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Table 4.3. Calculated 1H, 13C and 15N chemical shielding values and extrapolated chemical shifts 
for lysine and lysine/silanol complex from DFT calculations a 
 
 
Figure 4.9. Schematic representation of the favorable model for lysine adsorption on fume silica 
nanoparticles surfaces. 
 
Nucleus Group 
Lysine LysH+…-OSiH3 
Calculated Experimental Calculated Extrapolated Experimental 
13C 
C=O 26.0 177 26.0 177 177 
α-CH 133.0 55 133.2 57 55 
β-CH2 154.3 35 154.5 33 30 
γ-CH2 162.2 22 162.4 24 23 
δ-CH2 155.4 32 158.4 28 27 
ε-CH2 145.3 44 146.7 41 40 
15N 
α-NH3+ 226.3 39 226.7 37 39 
ε-NH2/ ε-NH3+ 232.7 24 227.8 36 32 
1H 
α-CH 2.8 3.6 2.8 - 3.6 
β-CH2 1.8 1.8 1.8 - 1.5 
γ-CH2 1.2 1.5 1.2 - 1.2 
δ-CH2 1.5 2.0 1.6 - 1.5 
ε-CH2 2.8 2.2 2.7 - 2.6 
α-NH3+ 11.6, 1.9, 0.5 8.4 11.6, 1.9, 0.6 - 8.4 
ε-NH2/ ε-NH3+ 0.7 - 7.5, 1.1, 0.7 - 7.4 
a Chemical shifts are reported in ppm. 
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4.4 Conclusions 
Structure of bulk lysine and lysine adsorbed on fumed silica nanoparticles were 
thoroughly investigated by ultrafast MAS 1H, 13C and 15N NMR spectroscopy. Bulk L-
lysine has protonated α-NH3+ and deprotonated ε-NH2. Lysine adsorbed on fumed silica 
nanoparticles from solution interacts with silica surfaces through hydrogen bonding 
between side-chain amine groups and surface silanol groups. Combined with DFT 
calculations, we further proposed that the Lys-H-OSiH3 complex is the favorable model 
for the lysine adsorption state on silica surfaces. The proposed model can be used to 
elucidate the mechanism of synthesizing ultra-small silica nanoparticles (~10 nm) with 
lysine as capping ligands and it is of use to researchers interested in surface 
functionalization and modification. Also, the agreement of DFT calculations of NMR 
chemical shifts with the corresponding experimental values is good in general, which 
means the combination of solid-state NMR and DFT chemical shift calculations can 
indeed be used to study surface chemistry at the interface of biomolecules and 
nanoparticles. 
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4.6 Supplementary 
 
Figure 4.10. 1H-13C HETCOR NMR spectrum of bulk lysine. 
 
The experiment was done at 800 MHz with a 1.6 mm triple resonance probe 
operating in double resonance (1H/13C) mode and a MAS speed of 35 kHz. The 1Hà13C 
CP condition consisted of a 2.6 µs 1H π/2 pulse, followed by a ramped (5 %) 1H spin-lock 
pulse of 100 kHz rf field strength of variable contact time (0.25 ms, 2.0 ms). The sweep 
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widths of direct dimension and indirect dimension are 50 kHz and 25 kHz respectively 
with 32 complex t1 points. The recycle delay was 3.0 s and TPPM 1H decoupling with a 
rf field strength of 110 kHz was used during acquisition.  
 
 
Figure 4.11. 2D 13C-13C through-bond double-quantum (DQ)/single-quantum (SQ) refocused 
INADEQUATE NMR spectrum of 13C, 15N-Lysine·2HCl. 
 
In 2D 13C-13C through-bond double-quantum (DQ)/single-quantum (SQ) 
refocused INADEQUATE1,2 NMR experiments, the 1Hà13C CP condition consisted of a 
4.0 µs 1H pulse, followed by a 2.0 ms ramped (3 %) 1H spin-lock pulse of 62.5 kHz rf 
field strength. The experiments were collected with a 50 kHz sweep width in both 
dimensions, a recycle delay of 3.0 s, 256 t1 complex points, a τ delay of 3.0 ms and 
TPPM 1H decoupling with a rf field strength of 70 kHz. 
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Figure 4.12. 15N-13C 2D HETCOR NMR spectrum of 13C, 15N-lysine/SiO2. 
 
The spectrum was collected with a 3.2 mm triple resonance probe operating in 
triple resonance (1H/13C/15N) mode and a contact time of 1.0 ms at a MAS speed of 10 
kHz. In 2D 15N-13C HETCOR NMR experiments were performed with a double cross 
polarization sequence, where the magnetization was first transferred from 1H to 15N, and 
then transferred further to 13C from 15N. The CP condition for 1Hà15N consisted of 2.5 
µs 1H π/2 pulse, followed by a 1.0 ms ramped (6%) 1H spin-lock pulse of 55 kHz rf field 
strength and the CP condition for 15Nà13C consisted of a 1.0 ms ramped (3 %) 15N spin-
lock pulse of 45 kHz rf field strength with continuous wave (CW) 1H decoupling of 90 
kHz. The sweep widths of direct dimension and indirect dimension were 50 kHz and 10 
kHz respectively with 64 complex t1 points. The recycle delay was 3 s and TPPM 1H 
decoupling with a rf field strength of 90 kHz was used during acquisition. 
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Figure 4.13. 2D 13C-13C through-space correlation NMR spectrum of 13C, 15N-Lysine·2HCl. 
 
  In 2D 13C-13C through-space correlation experiments, the 1Hà13C cross-polarization 
condition consisted of a 4.0 µs 1H pulse, followed by a 2.0 ms ramped (3 %) 1H spin-lock 
pulse of 62.5 kHz rf field strength. The sweep widths of direct dimension and indirect 
dimension were 50 kHz and 25 kHz respectively with 256 t1 complex points. The recycle 
delay was 3.0 s and TPPM 1H decoupling with a rf field strength of 70 kHz was used 
during acquisition. During the dipolar-assisted rotational resonance (DARR)3,4 mixing 
period, continuous wave (CW) irradiation was applied on the 1H channel at a rotary 
resonance condition (ωτ=ωrf) of 10 kHz and the mixing time was set at 5.0 ms.  
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Figure 4.14. Extrapolated curve of 13C chemical shift derived from the experimental and 
calculated 13C chemical shift values of bulk lysine (δExtrapolate= -1.123* σCal +206.1 ppm). 
 
 
 
Table 4.4. Summary of lysine/silanol complex from DFT calculations 
 			
Model E /a.u. r (OH) / Å r (ε-NH) / Å E (ε-NH) / kJ/mol 
H3SiOH -367.161 0.963 --- --- 
H3SiO- -366.582 --- --- --- 
Lys -497.079 --- 1.017 --- 
LysH+ -497.437 --- 1.026 --- 
Lys-H-OSiH3 -864.256 0.992 1.807 42.01 	
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CHAPTER 5 
Secondary Structure of the Gly-Gly-X (X=Leu, Tyr, Gln) motif in Spider Dragline Silk 
Investigated by Solid-state NMR Spectroscopy 
5.1 Introduction 
Spider silk is a natural high-performance fiber featuring outstanding mechanical 
properties and biocompatibility in comparison to other natural and man-made materials. 
It has been used by human long before it appeared as a focus of materials science. In 
ancient Greece, people used natural cobwebs to seal bleeding wounds, and in Australia, 
spider silk was used for fishing. In recent decades, spider silk has attracted considerable 
attention in textile, materials science, and biomedical research due to its excellent 
mechanical properties that outperform most other natural and man-made fibers. In 
particular, dragline silk is five times tougher than steel by weight and even three times 
tougher than man-made synthetic fibers, such as Kevlar 49 [1-3]. Besides the classical 
mechanical properties, dragline silk possesses a unique property called 
‘supercontraction’, which can be described as an increase in diameter and a shrinking in 
length up to 40% when a native dragline silk is exposed to humidity great than 60 % [4-
7]. 
Dragline silk produced from the major ampullate gland is used by spiders to 
construct the frame and radii of an orb and it is thought to be one of the toughest 
biopolymers known [8]. From the standpoint of the molecular structure of silk, the 
excellent mechanical properties are thought to originate from the secondary and tertiary 
structures of silk proteins. Dragline silk is composed almost entirely of two proteins, 
major ampullate spidroin 1 and 2 (MaSp1 and MaSp2) and t
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acid sequences of MaSp1 and MaSp2 are present in Figure 5.1 [9, 10]. Generally, it is 
proposed that the silk proteins have the ability to form β-sheet nanocrystalline domains 
that provide spider silk extraordinary strength, and amorphous domains composed of 
disordered helical, β-turn, and random coil structures that are responsible for the excellent 
extensibility (Figure 5.2). Overall, it is this unique combination of β-sheet, helical and 
turn-like protein structures that imparts spider silk its extremely high toughness. 
Nephila clavipes MaSp1: 
AGAAAAAAGGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAAGGAGQGGY
GGLGGQGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAAA 
Nephila clavipes MaSp2: 
SAAAAAAAASGPGQQGPGGYGPGQQGPGGYGPGQQGPSGPGSAAAAAAAAS
GPGQQGPGGYGPGQQGPGGYGPGQQGLSGPGSAAAAAAA 
Figure 5.1. Typical repetitive amino acid sequences of silk proteins for N. clavipes. The amino 
acid residues in red indicate motifs that are recognized in the literature as being involved in β-
sheets. Other colors differentiate motifs that are assumed to compose the amorphous regions of 
the silk including GGX (X=A, L, Q, Y) and GPGXX (X=Q, Y) motifs.  
 
 
Figure 5.2. Illustration of a microstructural model for spider silk. 
 
Crystalline Domain Amorphous Domain 
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The secondary structure of the spider silk proteins in silk fibers has been studied 
extensively with a variety of techniques including X-ray diffraction (XRD) [11-22], 
solid-state nuclear magnetic resonance (NMR)	[4,	6,	7,	19,	23-52], Infrared (IR) [53-60] 
and Raman spectroscopy [5, 17, 61-69]. The combination of these structural 
characterization techniques has illustrated that the poly(Ala) motif and poly(Gly-Ala) 
motif flanking the poly(Ala) runs in the protein sequence form β-sheet structures [11, 25-
27, 30, 31, 33, 38, 39] while the Gly-Gly-Ala motif primarily in the MaSp1 and the Gly-
Pro-Gly-X-X motif in the MaSp2 protein take on 31-helical structures and elastin-like 
type II β-turn structures, respectively [24, 30, 37, 38, 43]. However, for other types of 
Gly-Gly-X (X=Leu, Tyr, Gln) repetitive amino acid sequences in the MaSp1, their 
secondary structures have not been well understood yet. A very first study conducted by 
Michal and Jelinski in 1998 has shown that LGGQ sequence doesn’t form β-sheet 
structure or 31-helical structure based on the rotational-echo double-resonance (REDOR) 
NMR results [29]. Up to date, no clear structural model has been identified for the Gly-
Gly-X motif and a complete picture of molecular structure of spider dragline silk is still 
lacking. The Gly-Gly-X motif is of particular interest because it has a relatively large 
content in the MaSp1 and it is hypothesized to make the primary contribution to the 
extensibility of the silk [70]. A clear understanding of its structure in spider silk could 
lead us to reveal the relationship between the protein structure and the excellent 
mechanical properties for spider silks. In this work, we isotopically label the Leu, Tyr, 
Gln amino acid residues in spider dragline silk and study the secondary structure of Gly-
Gly-X (X=Leu, Tyr, Gln) motif using solid-state NMR spectroscopy and structural 
dependent chemical shift analysis. The chemical shifts of X residues (Leu, Tyr, Gln) 
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obtained from solid-state NMR spectroscopy indicate that the structure of Gly-Gly-X 
motif in dragline silk protein is not β-sheet or α-helix and is best interpreted as a 
disordered structure with evidence for 31-helix, β-turn, and/or random coil conformations. 
Additionally, the chemical shifts of the Gly residues that are adjacent to X residues 
obtained from two-dimensional (2D) 13C-13C correlation NMR indicate that the Gly-Gly-
X (X=Leu, Tyr, Gln) motif is very likely associated with 31-helical structures in spider 
dragline silk. 
5.2 Materials and Methods 
5.2.1 Materials 
U-[13C, 15N]-L-alanine, U-[13C, 15N]-L-leucine, U-[13C, 15N]-L-glutamine, and U-
[13C, 15N]-L-phenylalanine were purchased from Cambridge Isotopes Laboratories, Inc. 
and used as received. 
5.2.2 Isotopic enrichment of spider dragline silk 
Mature female N. clavipes spiders were fed with tap water and crickets once per 
week. Spiders were forcibly silked at a speed of 2 cm/s for 1 h every other day. The 
major ampullate silk (dragline silk) was separated from the minor ampullate silk under an 
optical microscope (Olympus, Waltham, MA, USA). To prepare isotope enriched 
dragline silk, the spiders were fed a 200 µL saturated solution of U-[13C, 15N]-L-alanine, 
U-[13C, 15N]-L-leucine, U-[13C, 15N]-L-glutamine, and U-[13C, 15N]-L-phenylalanine over 
four feedings during silk collection.  
5.2.3 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) images of N. Clavipes dragline silk were 
collected using an XL-30 Environmental FEG (FEI) scanning electron microscope 
	 140 
operating at a voltage of 10 kV in Hi-Vac mode with a vacuum of 8×10-5 mbar. The 
spider silk fibers were mounted onto a sample stub with the use of double-sided carbon 
tape and then was sputter deposited with 3 nm of gold to prevent charging during 
imaging. 
5.2.4 Solid-state NMR Measurement 
Solid-state NMR spectra were collected on a Varian VNMRS 400 MHz 
spectrometer equipped with a 1.6 mm triple-resonance cross polarization magic angle 
spinning (CP-MAS) probe operating in triple resonance mode (1H/13C/15N). One-
dimensional (1D) 1Hà13C CP-MAS and two-dimensional (2D) 13C–13C through-space 
correlation NMR experiments with dipolar-assisted rotational resonance (DARR) 
experiments [38, 71, 72] were performed at a spinning speed of 35 kHz. The CP 
condition consisted of a 1.6 µs 1H π/2 pulse, followed by a 1.0 ms ramped (6%) 1H spin-
lock pulse with a radio frequency (rf) field strength of 156 kHz at the ramp maximum. 
The experiments were performed with a 25 kHz sweep width, a recycle delay of 3.0 s, 
and two-pulse phase-modulated (TPPM) 1H decoupling during acquisition with a level of 
132 kHz. In 2D 13C–13C through-space correlation experiments, the spectra were 
collected with 1024 points in the direct dimension, 320 t1 complex points in the indirect 
dimension, and 32 scans averages with spectral widths in the direct and indirect 
dimension of 25 and 35 kHz, respectively. During the DARR mixing period, continuous 
wave (CW) irradiation was applied on the 1H channel at n = 1 (ωR = ω1) rotary 
resonance condition with mixing times (τm) of 50, 150 ms, and 1 s. The 2D spectra were 
processed with an exponential line broadening of 100 Hz in the direct dimension and a 
Gaussian function of the form exp(-(t/gf)2) in the indirect dimension with the constant, gf, 
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equal to 0.0025. The 13C isotropic chemical shift was indirectly referenced to adamantane 
(38.56 ppm).  
5.3 Results and Discussion 
5.3.1 Morphology of Spider Dragline Silk 
A SEM image of N. Clavipes dragline silk is present in Figure 5.3. It is found that 
the dragline silk is a uniform cylindrical fiber along the length of the fibers. The average 
diameter of the dragline silk is estimated to be 3.9 ± 0.2 um. 
 
Figure 5.3. SEM image of N. Clavipes dragline silk. 
 
5.3.2 Solid-state NMR spectroscopy 
The N. clavipes silk is a MaSp1-rich silk with a low MaSp2 content (~80:20, 
MaSp1:MaSp2). Thus, when investigating this silk it is the MaSp1 protein that is 
primarily characterized. The consensus primary amino acid sequence for MaSp1 is shown 
in Figure 5.4a and it is found that Leu, Gln, and Tyr are present in the Gly-Gly-X motif. 
However, it should be noted here that although the N. clavipes dragline silk is primarily 
MaSp1 protein, minor contributions from residues present in the MaSp2 protein cannot 
be discounted. According to the primary amino acid sequence for the MaSp2 [10], Leu is 
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entirely absent from the MaSp2 and Tyr is present in the same Gly-Gly-X motif in the 
MaSp2, so the contribution from the MaSp2 is believed to be negligible for Leu and 
similar to that from the MaSp1 for Tyr residues. For Gln, it is present in a non-Gly-Gly-X 
Gln-Gln motif in the MaSp2 and it could adopt other secondary structures different from 
Gln in the MaSp1. However, due to the low ratio of the MaSp2 in N. clavipes dragline 
silk and low content of Gln in the MaSp2, the contribution from the MaSp2 for Gln is 
very little and mostly negligible. In this study, the N. clavipes dragline silk is 13C 
enriched for the Ala, Gly, Leu, Gln, and Tyr amino acid residues, and the 1Hà13C CP-
MAS NMR spectrum of the 13C-labeled N. clavipes dragline silk is present in Figure 
5.4b. The Ala methyl, Cβ, resonances were found at 17.4 and 20.9 ppm and this result 
agrees well with the previous studies, in which the Ala residues are thought to be 
heterogeneous in silk with a minimum of two components at 17.4 and 20.9 ppm assigned 
to the Ala residues present in disordered 31-helix structures similar to poly-glycine II and 
ordered β-sheet structures, respectively [38]. Furthermore, it is presumed that the Ala 
residues in 31-helix structures are located in the repetitive Gly-Gly-X motif while, the Ala 
residues in β-sheet structures are located in the poly(Ala) and flanking poly(Gly-Ala) 
motifs in the primary amino acid sequence. Besides the Ala residues, other X residues 
(Leu, Tyr, Gln) found in Gly-Gly-X are thought to be present in the amorphous domains 
of silk protein. By isotopically labeling the X residues (Leu, Tyr, Gln) in spider dragline 
silk, we have been able to probe the secondary structures adopted by them and further to 
understand the molecular structure of the amorphous domains in spider silk. According to 
the 1Hà13C CP-MAS NMR spectrum of the 13C-labeled N. clavipes dragline silk (Figure 
5.4b), the Leu, Tyr, and Gln residues are found to be 13C enriched well and this permits 
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further NMR analysis by 2D 13C–13C correlation experiments to extract the 
conformation-dependent 13C chemical shifts for the Leu, Tyr, and Gln residues. 
(A)    MaSp1: GGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAA 
(B) 
 
Figure 5.4. (A) Consensus primary amino acid sequence for N. clavipes MaSp1 and (B) 1Hà13C 
CP-MAS NMR spectrum of 13C-labeled N. clavipes dragline silk.   
2D 13C–13C correlation experiments with dipolar assisted rotational resonance 
(DARR) were conducted in this study to extract the conformation-dependent 13C 
chemical shifts for the amino acid residues that are found in the Gly-Gly-X motif. This 
2D method is particularly useful for extracting all 13C chemical shifts for each site 
including the CO chemical shifts that are completely overlapped in the 1Hà13C CP-MAS 
spectrum (see Figure 5.4b). The 13C chemical shifts are summarized in Table 1. The 
results for the Ala and Gly residues are similar to previously reported solid-state NMR 
studies where the components for β-sheet and 31-helix were observed with nearly 
identical chemical shifts. For the other 13C labeled amino acid residues including Leu, 
Tyr, and Gln, the chemical shifts indicate that these residues are present in non-β-sheet 
structures. More than that, the observed 13C shifts for CO, Cα, and Cβ do not match α-
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helical structures but show similarity to those observed for the Ala residues in a model 
31-helix for the most part. Specifically, the observed shifts for CO and Cα locate in a 
chemical shift range between the β-sheet and the random coil, and the observed shifts for 
Cβ are present at the higher ppm side of the random coil. However, the similarity to the 
Ala residues in a model 31-helix is not convincing enough to identify that Gly-Gly-X 
motif is in 31-helical structures since this trend is also very similar to the β-turn chemical 
shift trends depending on the residue position in turn structures [73]. Overall, the 
chemical shifts of X residues (Leu, Tyr, Gln) obtained from solid-state NMR 
spectroscopy indicate that the structure of Gly-Gly-X motif in dragline silk protein is not 
β-sheet or α-helix and is best interpreted as a disordered structure with evidence for 31-
helix, β-turn, and/or random coil conformations. 
2D 13C-13C correlation experiments with a long DARR mixing time (1s) allows 
observation of relatively long range correlations between adjacent residues in proteins. 
This technique is very useful in identifying the location of amino acid residues in 
different motifs. Specifically, for Gly-Gly-X motif, correlations of X residue (Leu, Tyr, 
Gln) to the adjacent Gly residue can be identified with 2D 13C-13C correlation 
experiments and further used for obtaining chemical shifts of the Gly residue that is 
present in the Gly-Gly-X motif. For Leu, Tyr, and Gln residues, long-range correlations 
to Gly Cα are observed at 42.5, 41.2, and 42.1 ppm, respectively, which is consistent with 
Gly present in 31-helix (41.4-42.5 ppm) and inconsistent with Gly present in β-turn 
(Figure 5.5, Table 5.1). This result indicates that the Gly-Gly-X motif in silk protein is 
very likely in a 31-helical structure. 
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Table 5.1. 13C chemical shifts (in ppm from TMS) for N. clavipes dragline silk, random coil, and 
polypeptides with defined secondary structures [37, 74-84]. 
 
 
residue N. clavipes α-helix β-sheet random coil 31-helixa β-turn 
Gly Cα 43.2 46.0 43.2-44.3 43.4 41.4-42.5 43.8-44.1 
Gly CO 169.7 174.9 168.4-169.7 173.2 171.2-173.1 170.6-170.7 
Ala Cα 49.3 52.3-52.8 48.2-49.3 50.8 48.9 50.8-51.7 
Ala Cβ 17.4, 20.9 14.8-16.0 19.9-20.7 17.4 17.4 16.5-17.4 
Ala CO 172.8 176.2-176.8 171.6-172.2 176.1 174.6 176.8-177.5 
Gln CO 172.6 175.4-175.9 171.9-172.2 174.3 - - 
Gln Cα 52.7 56.4-57.0 51.0-51.4 54.0 - - 
Gln Cβ 29.6, 25.8 25.6-26.3 29.0-29.9 27.7 - - 
Gln Cγ 32.2, 30.6 29.7-29.8 29.7-29.9 32.0 - - 
Gln Cδ 176.6 - - 178.8 - - 
Tyr CO 172.7 176.7 169.7 174.2 - - 
Tyr Cα 55.1 54.8-58.6 52.1 56.2 - - 
Tyr Cβ 37.7 36.1 39.3 37.1 - - 
Tyr Cγ 128.6 129.7 128.0 128.9 - - 
Tyr Cδ 130.9 129.7 128.0 131.6 - - 
Tyr Cε 116.1 116.1 115.0 116.5 - - 
Tyr Cζ 156.2 154.2 155.2 155.6 - - 
Leu CO 176.0 175.7 170.5-171.3 175.9 - - 
Leu Cα 53.8 55.7 50.5-51.2 53.4 - - 
Leu Cβ 41.6 39.5 43.3 40.7 - - 
Leu Cγ 24.0 - - 25.2 - - 
Leu Cδ 23.3 24.4 24.9 24.3 - - 
 
a (GGA)10 model peptide with (φ, ψ) values near (-90°, 150°). 
	 146 
 
 
Figure 5.5. 2D 13C-13C correlation spectra of 13C labeled N. clavipes spider dragline silk collected 
with a long dipolar assisted rotational resonance (DARR) mixing period of 1 s: correlation of 
Leu, Gln, and Tyr to Gly are noted in red in (A), (B), and (C), respectively. 
 
 
(B) 
(C) 
(A) 
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5.3.3 Molecular Structure of Dragline Spider Silk 
In the past decades, a combination of structural characterization techniques 
including X-ray diffraction, NMR spectroscopy, vibrational spectroscopy, and electron 
microscopy has been used to understand the molecular structure of dragline spider silk 
[4-7, 11-69]. Due to the complexity of hierarchical structures in spider silk as a natural 
protein-based biopolymer, obtaining a clear picture of the molecular structure of spider 
silk is not an easy job and it requires advanced techniques and considerable effort. In this 
paragraph, achievements researchers have made in the past a few years, together with the 
accomplishment present in the current work are summarized briefly. The molecular 
structure of silk includes the protein sequences, secondary structures, tertiary structures, 
and nano/micro-structures. The protein sequences of the MaSp1 and MaSp2 proteins in 
spider dragline silk were first studied and identified by Randy et al in the early 1990s [9, 
10]. Solid-state NMR spectroscopy and X-ray diffraction were then applied to investigate 
the secondary structures of silk proteins and the protein self-assembly (nano/micro-
structure) in fibers, respectively. By combining these two techniques, the poly(Ala) motif 
and poly(Gly-Ala) motif flanking the poly(Ala) runs in the amino acid sequence were 
found to be predominant in β-sheet structures and to organized into nanocrystalline 
domains with sizes of at least 2×5×7 nm [11, 12, 25, 26, 30, 38]. Additionally, Gly-Gly-
X (X=Ala, Leu, Tyr, Gln) motif in MsSp1 and Gly-Pro-Gly-X-X motif in MaSp2 have 
been characterized by solid-state NMR spectroscopy and were found to be predominant 
in disordered structures forming amorphous domains in silk fibers. Specifically, Gly-Gly-
X (X=Ala, Leu, Tyr, Gln) motif in MsSp1 was found to take on 31-helical structure based 
on previous reports and this work [24, 30, 37, 38, 52], while Gly-Pro-Gly-X-X motif in 
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MaSp2 was found to be in elastin-like type II β-turn structures [43]. In comparison to the 
relatively rich understanding on the secondary structure of spider silk proteins, very 
limited progress has been made towards understanding the tertiary structures and 
nano/micro-structures in silk. In recently years, molecular dynamics simulation has been 
developed as a powerful and primary tool for unraveling the relationship between 
hierarchy structures and excellent mechanical properties of silk fibers [85-87]. However, 
to achieve the ultimate goal of unraveling the mystery of spider silk, more experimental 
effort and advanced characterization techniques are needed. 
5.4 Conclusions 
Solid-state NMR spectroscopy was applied as a primary tool to investigate the 
secondary structures adopted by the Gly-Gly-X (X=Leu, Tyr, Gln) motif in the spider 
dragline silk and the results show that this type of motif is very likely in 31-helical 
structures. This found is consistent with the previous finding that Gly-Gly-X motif does 
not form α-helical and β-sheet structures. More than that, 2D 13C-13C correlation 
experiments with a long mixing time provide a way to obtain more chemical shift 
information for the Gly-Gly-X motif. Specifically, the correlation of X amino acid 
residues to the adjacent Gly residue was properly identified, so 13C chemical shifts of the 
adjacent Gly residues were obtained. The Gly chemical shifts indicate that the Gly-Gly-X 
motif in the silk protein is very likely in 31-helical structures other than β-turn structures.  
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CHAPTER 6 
Protein Secondary Structure in Bombyx mori Silk Investigated by Solid-state NMR 
Spectroscopy 
6.1 Introduction 
Silkworm silk has been used commercially in textile production for centuries and 
it is recognized as one of the most studied protein-based materials in history. Over the 
past 70 years, researchers from a wide range of fields including chemistry, physics, 
biology, and engineering have been attracted by silkworm silk and considerable effort has 
been put into understanding the properties, structures, and applications of silkworm silk 
as evidenced by the booming publications on silk related topics [1-9]. Among all studies, 
a majority of work focuses on B. mori silk since it is a domesticated silkworm with a 
large annual production and a popular use in textile industry for centuries. 
The Bombyx mori cocoon is composed of a raw silk fiber with 700-1500 m in 
length and 10-20 µm in diameter. The raw silk fiber consists of two parallel fibroin fibers 
held together with a layer of sericin on their surfaces [11]. Upon degumming the cocoon 
and removing the sericin, soft and shiny fibroin fibers can be obtained and this is the 
primary material used in the textile industry. Moreover, it is worthy to note here that most 
research has been carried on fibroin fibers rather than raw cocoons.  
Silk fibroin consists of a heavy (H) chain of 390 kDa [12] and a light (L) chain of 
26 kDa [13] connected by a disulfide bond at the C-terminus of H-chain [14], forming a 
H-L complex (see supplementary). The H-L complex also binds a glycoprotein named 
P25 (30 kDa) in a ratio of 6:1 via hydrophobic interactions to form an elementary 
micellar unit [15]. In silk fibroin, the H-chain serves as the main structural component 
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responsible for the excellent mechanical properties due to its ability to form different 
kinds of secondary structures, which could be further organized into nano/micro 
hierarchical structures via molecular self-assembly [16]. L-chain plays little mechanical 
role overall as its size is much smaller than H-chain, and additionally, no significant 
secondary structures were identified for L-chain. The amino acid composition of the 
heavy chain (in mol%) is dominated by four amino acids: Gly (46%), Ala (30%), Ser 
(12%), and Tyr (5.3 %) [17]. The amino acid sequence of the heavy chain contains a 
large number of repetitive sequences that are organized into 12 domains. According to 
the literature, the repetitive sequences can be roughly classified into three primary motifs: 
(1) a highly repetitive GAGXGA (X=S, Y, V) sequence that makes up the bulk of the 
crystalline/semi-crystalline regions [18, 19]; (2) a relatively less repetitive GAAS 
sequence, which may serve as a “sheet-breaking” motif [20]; (3) a sequence used to 
separate the domains and form the amorphous regions in fibroin fibers, e.g., 
TGSSGFGPYVANGGYSGYEYAWSSESDFGT [21]. It is presumed that the excellent 
mechanical properties of silk fibers are closely related to the secondary structures of these 
characteristic sequences in silk fibroin, which are further organized into hierarchical 
structures. So obtaining a clear molecular picture of the secondary structures in silk 
fibroin is very critical for interpreting the superior nature of silk fibroin properly. 
Silk I and silk II are reported as dimorphs of B. mori silk fibroin on the basis of 
extensive investigations from X-ray fiber diffraction [16, 22-29], electron diffraction [27, 
30], vibrational spectroscopy [22, 31-38], and solid-state NMR spectroscopy [2, 5, 6, 18-
21, 39-58]. Silk I is the structure of B. mori silk fibroin in the solid state obtained from 
the middle silk gland after drying. Silk II is the structure of B. mori silk fibroin fiber after 
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spinning. It is feasible to obtain silk fibroin in the silk I or silk II form under non-native 
conditions [57]. For example, if the silk fibroin is dissolved in 9.4 M LiBr solution and 
dialyzed against distilled water, the resulting structure will be the silk I form, and if the 
silk I sample is treated with formic acid and dried, it will give the silk II form. NMR 
spectroscopy, particular solid-state NMR spectroscopy has been primarily used to 
differentiate the two distinct dimorphs based on the characteristic conformation-
dependent chemical shifts and the line shape of resonances.  
The secondary structures of silk fibroin in the silk I and silk II have been studied 
extensively with a variety of techniques including X-ray diffraction, solid-state NMR 
spectroscopy, and vibrational spectroscopy over the past decades [2, 10, 16, 18-20, 22-29, 
31, 32, 34-38, 42, 46-52, 54, 56, 58, 59]. The combination of these structural 
characterization techniques has illustrated that in the silk II, the GAGAGS motif and the 
GAGAGY motif flanking the GAGAGS repetitive sequences form β-sheet structures and 
are further organized to form β-sheet nanocrystallites [16, 18], while the GAGAGX 
(X=S, Y, V) was hypothesized to be in type II β-turn structures in the liquid silk (silk I) 
before spinning [10, 60]. According to the review on previously reported studies, it is 
found that very limited effort has been put on elucidating the structural features of the 
Tyr residues in comparison to the extensive studies on the Gly, Ala, and Ser residues 
which are frequently found in the (GA)n and GAGAGS repetitive sequences [10, 37, 41, 
47, 50, 53, 61]. Tyrosine is very likely to play important roles in the structure and 
dynamics of silk fibroin because of its unique side chain structures. Previous work has 
shown that the Tyr residues contribute primarily to the solubility of silk fibroin in water 
and form bends and turns in Silk I [41, 47]. NMR studies on model peptides further 
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showed that the Tyr residues are very likely involved in forming β-sheet structures in silk 
II with presenting at the edges of the nanocrystalline regions [47, 50, 53]. Although these 
interpretations from the early studies on tyrosine provide some structural insights towards 
understanding the function of the Tyr residues in silk fibroin, the molecular picture of the 
Tyr residues in silk fibroin still remains ambiguous. So a thorough revision is necessary 
to get a clear structural understanding on the Tyr residues with advanced characterization 
techniques. In this work, two-dimensional (2D) 13C-13C correlation NMR spectroscopy 
was applied to understand the structural role of the Tyr residues in solid-state silk fibroin, 
together with a brief structural analysis on the Ala and Ser residues. 
6.2 Materials and Methods 
6.2.1 Materials 
Medium size B. mori silkworms were purchased from Mulberry Farms Inc. and 
kept in an incubator in the lab for them to grow. [U-13C]-glucose, [U-2H/13C/15N]-
phenylalanine, and [U-2H/13C/15N]-serine were purchased from Cambridge Isotopes 
Laboratories, Inc. and used as received. Sodium carbonate and lithium bromide were 
purchased from Sigma-Aldrich and used as received. 
6.2.2 Isotopic Enrichment of Silk Fibroin 
100 mg of [U-13C]-glucose or [U-2H/13C/15N]-serine or [U-2H/13C/15N]-
phenylalanine was dissolved in 4 mL distilled water at a concentration of 25 mg/mL. The 
solution was used during the 3rd through the 7th day of the fifth instar with the following 
amounts: 0.8 mL for the first day, 1.2 mL for the second and third days, and 0.8 mL for 
the fourth day. At each day, the solution was pipetted onto 120 mg dehydrated food and 
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then the food was fed to two silkworms. Each worm was fed 50 mg of isotopes with this 
labeling protocol.  
6.2.3 Preparation of degummed silk 
Silk cocoons were cut into small pieces and washed with DI water. A solution of 
0.5 wt% of Na2CO3 and 1 wt% of Marseille soap in distilled water was made. The 
solution was heated until boiling and the cocoons were placed in the solution for 30 mins. 
After 30 mins, the silk was washed with DI water until all soap was removed. This 
degumming process was repeated one more time to obtain the silk fibroin. The wet silk 
fibroin was then dried at room temperature.  
6.2.4 Preparation of lyophilized silk 
25 mg degummed silk (silk fibroin) was dissolved in 0.5 mL of 9.3 M LiBr 
aqueous solution at 60 °C for 4 hours then the centrifugation was used to remove 
insoluble solids. The supernatant fluid was then dialyzed for 3 days at 4 °C in a 3500 Da 
MW cut-off dialysis cassette to eliminate the LiBr. The water was changed five times 
during the dialysis. After dialysis, the silk fibroin solution was frozen and further 
lyophilized to obtain the lyophilized silk. 
6.2.5 Solid-state NMR spectroscopy 
Solid-state NMR spectra were collected on a Varian VNMRS 400 MHz 
spectrometer equipped with 1.6 mm triple-resonance MAS probe operating in triple 
resonance mode (1H/13C/15N). 1Hà13C cross-polarization magic-angle-spinning (CP-
MAS) NMR experiments were performed at 20 kHz magic-angle-spinning (MAS) with a 
1.5 µs 1H π/2 pulse and a 1.0 ms ramped (10 %) 1H spin-lock pulse with a radio 
frequency (rf) field strength of 97 kHz at the ramp maximum during the CP transfer. The 
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experiments were performed with a 25 kHz sweep width, a recycle delay of 3 s, 4096 
scans and a two-pulse phase-modulated (TPPM) 1H decoupling with a rf field strength of 
120 kHz. 
Two-dimensional (2D) through-bond 13C-13C double-quantum/single-quantum 
(DQ/SQ) refocused incredible natural-abundance double-quantum transfer experiments 
(INADEQUATE) [62] were performed at 35 kHz MAS and 1H decoupling with a rf field 
strength of 120 kHz. The CP condition composed of a 1.5 µs 1H π/2 pulse and a 1.0 ms 
ramped (10 %) 1H spin-lock pulse with a radio frequency (rf) field strength of 97 kHz at 
the ramp maximum during the CP transfer. The spectra were collected with 50 kHz 
sweep widths in both dimensions, a recycle delay of 2 s, 128 t1 points and a τ delay of 2 
ms. 
2D through-space 13C-13C dipolar assisted rotational resonance (DARR) [63, 64] 
NMR experiments were performed at 20 kHz MAS and 1H decoupling with a rf field 
strength of 120 kHz. The CP condition consisted of a 1.5 µs 1H π/2 pulse and a 1.0 ms 
ramped (10 %) 1H spin-lock pulse with a radio frequency (rf) field strength of 97 kHz at 
the ramp maximum during the CP transfer. The spectra were collected with a recycle 
delay of 2 s, 512 t1 points, a DARR mixing time of 1s, and a 50 kHz sweep width and a 
25 kHz sweep width for direct and indirect dimensions, respectively. 
6.3 Results and Discussion 
6.3.1 Isotopic labeling of silk fibroin in fibers 
The enrichment of silk spun from the B. mori silkworm fed with isotopically 
labeled materials was characterized using 1Hà13C CP-MAS NMR spectroscopy (Figure 
6.1). It is found that the silk exhibits modest 13C-enrichment (~ 5 %) for the Ala, Gly, and  
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Figure 6.1. 1Hà13C CP-MAS spectra of degummed silkworm silk collected from B. mori 
silkworms that were fed with (a) [U-2H/13C/15N]-serine, (b) [U-2H/13C/15N]-phenylalanine, (c) [U-
13C]-glucose enriched food, and (d) regular food that was not isotopically enriched. The spectra 
were collected at 20 kHz MAS and a 1 ms CP contact time. The spectra were collected with the 
same number of scans (4096 scans) and processed with the same exponential line broadening (lb 
= 100 Hz). 
 
Ser residues if the silkworm was fed with [U-13C]-glucose enriched food (Figure 6.1c). 
However, no obvious enrichment was found for the aromatic groups in the Tyr residues 
in this case after comparing with the spectrum of natural abundance silk (Figure 6.1d) 
because of the weak 13C resonance intensities of the Tyr residues (110-160 ppm). This 
result agrees well with the previous 13C NMR studies on silkworm silks and major 
ampullate spider silks where the [U-13C]-glucose protocol resulted in no significant 13C-
enrichment of the aromatic Tyr residues [65]. When B. mori silkworm was fed with [U-
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2H/13C/15N]-phenylalanine, a significant 13C-enrichment (~ 17 %) for the Tyr residues 
was observed (Figure 6.2b). More notably, the appearance of a distinct shoulder at 136.7 
ppm is consistent with the Cγ resonance of the Phe residues, whose percentage in silk 
fibroin is only 0.7 %. Further evidence will be provided by the INADEQUATE NMR 
spectroscopy. Additionally, when B. mori silkworm was fed with [U-2H/13C/15N]-serine, 
the 13C-enrichment for the Ser residues was found to be at a level of ~10 % that is double 
of the enrichment with [U-13C]-glucose. Overall, the NMR results illustrate that silk 
exhibits decent 13C-enrichments for the Ser (~10 %) and Tyr (~17 %) residues when the 
silkworms were fed with [U-2H/13C/15N]-serine and [U-2H/13C/15N]-phenylalanine 
respectively, while silk exhibits modest 13C-enrichment (~ 5 %) for the Ala, Gly, and Ser 
residues if the silkworm was fed with [U-13C]-glucose enriched food.  
6.3.2 Conformation of Ala residues in silk fibroin 
Alanine is the most abundant amino acid other than glycine in silk fibroin and it is 
primarily found in GAGAGX motifs. The conformation of the Ala residues in silk I and 
silk II has been extensively studied by solid-state NMR spectroscopy and X-ray 
diffraction in recent years [10, 18, 19, 25, 30, 46]. 13C NMR studies on the Ala Cβ group 
has illustrated that the Ala residues have heterogeneous chemical environments in the silk 
II since the Ala Cβ shows a broad and asymmetric resonance in the 1Hà13C CP-MAS 
NMR spectrum (Figure 6.1d). The resonance at 17.3 ppm is attributed to the Ala residues 
present in the amorphous domain composed of disordered structures, while the resonance 
at 20.8 ppm is assigned to the Ala residues present in the crystalline domain with the 
primary sequence (GAGAGS)n. With a quantitative solid-state NMR study on the [3-
13C]-Ala labeled B. mori silk fibroin fibers, Asakura et al. have further indicate that 56 % 
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of the Ala residues are present in crystalline domain with 18% distorted β-turn structures 
and 38% β-sheet structures, and 44% of the Ala residues are present in amorphous 
domain with 22% distorted β-turn and 22% β-sheet structures [6, 18]. For the Ala 
residues in silk I, a recent solution NMR study on the liquid silk in B. mori silkworm 
gland has shown that it is primarily in type II β-structures [10]. 
6.3.3 Conformation of Ser residues in silk fibroin 
Serine is primarily found in the GAGAGS motif in the H-chain of B. mori silk 
fibroin and the GAGAGS motif is illustrated to form the crystalline domains in the silk 
fibers. According to the previous studies on natural silk materials and synthetic model 
peptides with a combination of X-ray diffraction and NMR spectroscopy, it is concluded 
that the GAGAGS motif is in repeated type II β-turn structures in the silk I [6, 10, 48, 
52], while it is found to be in β-sheet structures in the silk II [25, 41, 51]. In the present 
work, the conformation of the Ser residues in silk I and silk II were reinvestigated with 
2D 13C-13C correlation NMR spectroscopy. It is found that in the degummed silk (silk II), 
the Ser CO, Cα, and Cβ have 13C resonances of 170.9 ppm, 55.3 ppm and 63.8 ppm 
respectively (Figure 6.2). These chemical shifts are consistent with the chemical shifts of 
the Ser residues present in β-sheet structures (Table 1). The degummed silk was then 
dissolved in the LiBr solution and the lyophilized silk was obtained after dialysis, 
centrifugation, and lyophilization. The lyophilized silk is assumed to have the similar 
structure to silk fibroin in the liquid state (silk I) since crystallization is not allowed for 
silk fibroin during lyophilization. The NMR results show that the Ser CO, Cα, and Cβ 
have 13C resonances of 171.8 ppm, 56.2 ppm and 61.6 ppm respectively (Figure 6.3). 
This result agrees well with the chemical shifts reported for the Ser residues in the 
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GAGSGA motif in the liquid silk [10] and indicate that the Ser residues are in disordered 
type II β-turn structures in silk I. 
 
Figure 6.2. 2D through-bond 13C-13C DQ/SQ refocused INADEQUATE NMR correlation 
spectrum of degummed silk collected from B. mori silkworms that were fed with [U-2H/13C/15N]-
serine.  
 
6.3.4 Conformation of Tyr residues in silk fibroin 
Tyr is typically found in the GAGAGY and the GAGYGA motifs in silk fibroin. 
Although the structure of silk fibroin has been studied for half a century, the 
conformation of the Tyr residues has not been clearly understood. In this work, the 
conformation of the Tyr residues in silk fibroin was investigated primarily by 2D 13C-13C 
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correlation NMR spectroscopy. Specifically, 2D through-space 13C-13C DARR NMR 
experiments and 2D through-bond 13C-13C DQ/SQ refocused INADEQUATE NMR 
experiments were applied to extract the chemical shifts of the Tyr residues in the silk 
fibroin. Importantly, decent 13C enrichment for the Tyr residues in the fibroin provides 
additional fingerprinting chemical shift information for the Tyr residues due to the 
significant enhancement of signal-to-noise ratio in NMR experiments. The 13C chemical 
shifts of the amino acid residues in silk fibroin were summarized in Table 6.1. 
 
Figure 6.3. 2D through-bond 13C-13C DQ/SQ refocused INADEQUATE NMR correlation 
spectrum of lyophilized silk collected from B. mori silkworms that were fed with [U-2H/13C/15N]-
serine.  
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Table 6.1. 13C chemical shifts (in ppm from TMS) of amino acid residues in degummed B. mori 
silk and lyophilized B. mori silk, solid polypeptides with known secondary structures, and 
random coil conformations [18, 19, 42, 44, 45, 47, 48, 56, 58, 66-68].  
 
 
2D through-bond 13C-13C DQ/SQ refocused INADEQUATE NMR correlation 
spectrum of degummed silk collected from B. mori silkworms that were fed with [U-
2H/13C/15N]-phenylalanine was shown in Figure 6.4. It is found that three resonances 
associated with the Tyr Cβ were observed: 36.3 ppm, 37.4 ppm, and 40.5 ppm, indicating 
the Tyr residues have three different conformations in the silk II. The resonance at 40.5 
ppm is attributed to the Tyr Cβ in the β-sheet structures while and the resonances at 36.3 
ppm and 37.4 ppm correspond is assigned to the Tyr Cβ in disordered structures 
including helical, turn, and random coil structures [47, 50]. NMR studies on model 
Residue 
B. mori Silk 
α-helix β-sheet random coil 31-helix β-turn Degummed 
silk 
Lyophilized 
silk 
Gly Cα 43.3 43.3 46.0 43.2-44.3 43.4 41.4-42.5 43.8-44.1 
Gly CO 169.5 171.0 174.9 168.4-169.7 173.2 171.2-173.1 170.6-170.7 
Ala Cα 49.6 50.7 52.3-52.8 48.2-49.3 50.8 48.9 50.8-51.7 
Ala Cβ 17.3 20.8 16.6 14.8-16.0 19.9-20.7 17.4 17.4 16.5-17.4 
Ala CO 172.8 173.9 176.2-176.8 171.6-172.2 176.1 174.6 176.8-177.5 
Ser Cα 55.3 56.2 59.2 54.4-55.0 58.3 - 58.0 
Ser Cβ 63.8 61.6 60.7 62.3-63.9 63.8 - 60.7 
Ser CO 170.9 171.8 - 170.0-171.2 174.6 - 173.7 
Tyr Cα 54.7 56.4 54.8-58.6 52.1 56.2 - - 
Tyr Cβ 
36.3 
37.4 
40.5 
36.3 36.1 39.3 37.1 - - 
Tyr Cγ 127.4 127.3 129.7 128.0 128.9 - - 
Tyr Cδ 130.3 130.6 129.7 128.0 131.6 - - 
Tyr Cε 115.3 115.4 116.1 115.0 116.5 - - 
Tyr Cζ 155.8 156.0 154.2 155.2 155.6 - - 
Tyr CO 171.2 173.3 176.7 169.7 174.2 - - 
Phe Cα - - 61.3 53.2 56.0 - - 
Phe Cβ - - 35.0 39.3 37.9 - - 
Phe Cγ 136.7 - 138.4 136.3 137.2 - - 
Phe Cδ 129.1 - 127.6 127.6 130.2 - - 	
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peptides have indicated that Tyr Cβ has chemical shifts of 36.1 ppm and 37.1 ppm for α–
helix and random coil structures, respectively. However, it has been reported that the Tyr 
Cβ in β-turn structures has a chemical shift around 36 ppm that is similar to the Tyr Cβ in 
α–helical structures [10]. To be safe, the resonances at 36.3 ppm and 37.4 ppm are 
assigned to the Tyr Cβ present in helix/β-turn and random coil structures, respectively. If 
13C labeling efficiencies for different Tyr Cβ sites are assumed to be equal in the silk 
fibroin, the composition of Tyr residues in each individual conformation could be 
obtained from signal deconvolution according to the following procedure [69]: first, the 
peak positions and peak widths for the Gly Cα and three Tyr Cβ resonances were 
extracted from the refocused INADEQUATE NMR spectra. Gly Cα was also considered 
in order to get a better deconvolution since it overlaps with the Tyr Cβ resonances; 
second, a 13C direct spectrum of the labeled silk with a relaxation delay time of 10 s was 
collected (Figure 6.5a). The use of the long relaxation delay time (10 s) ensures the full 
relaxation of 13C nuclear, which is critical in obtaining a correct quantitative result; third, 
the peak parameters obtained from INADEQUATE spectra were used in deconvolution, 
in which only the intensities of peaks were varied. The deconvolution results were shown 
in Figure 6.5b.  
The ratios of different conformations for the Tyr residues were calculated from 
the deconvolution results of the Tyr Cβ region and it indicates that the ratios of the Tyr 
residues in the helix, β-sheets, and random coil structures are 36.2%, 40.4%, and 23.4%, 
respectively. From the statistical analysis of protein sequence of B. mori silk fibroin 
(Supplementary), the total number of the Tyr residues in silk fibroin is 288, and 221 Tyr 
residues are found in the segments with repetitive sequences in the H-chain. The ratio can 
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be then estimated to be 76.7%. This is close to the sum of the ratios of the Tyr residues in 
the helix (36.2%) and β-sheet structures (40.4%). In addition, the ratio of the Tyr residues 
in random coil structures estimated from deconvolution (23.4%) is close to the ratio of 
the Tyr residues in the linker and light chain of the protein, which is hypothesized to be in 
relaxed conformations in previous studies [18, 47].  
 
 
Figure 6.4. 2D through-bond 13C-13C DQ/SQ refocused INADEQUATE NMR correlation 
spectrum of degummed silk collected from B. mori silkworms that were fed with [U-2H/13C/15N]-
phenylalanine. The inset shows the zoom-in spectrum of Tyr Cβ-Cγ, correlation peak. Three 
resonances can be clearly resolved and they correspond to different conformations.  	
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Figure 6.5. (a) 13C direct spectrum of the degummed silkworm silk collected from B. mori 
silkworms that were fed with [U-2H/13C/15N]-phenylalanine. (b) Deconvolution results of the Tyr 
Cβ regions in 13C NMR spectrum. 
 
Previous solid-state NMR study on model peptides has indicated that the Tyr 
residues flanking the repetitive GAGAGS and (GA)n sequences are involved in β-sheet 
structures {Asakura:2005hs}. Based on this finding, the ratio of this type of Tyr residues 
was estimated to be ~ 40% in the sequence of silk fibroin, primarily in the GAGAGY 
motif (labeled blue in silk fibroin sequence, supplementary). This ratio agrees well with 
the deconvolution result for Tyr Cβ in β-sheet structures (~40.4%), illustrating that the 
Tyr residues in the GAGAGY motif flanking the repetitive GAGAGS and the (GA)n 
motifs are in β-sheet structures. Additionally, ~36% Tyr residues are found in GAGYGA 
motif (labeled red in silk fibroin sequence, supplementary), which is primarily located in 
the linking region between repetitive GAGAGS sequences. This ratio is consistent with 
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the deconvolution result for helix/β-turn structures (~36.2%), indicating the Tyr residues 
in GAGYGA motif are very likely in helix/β-turn structures. 
The conformation of the Tyr residues in silk I was also investigated in this study. 
The results of 2D 13C-13C correlation NMR spectroscopy on the 13C-Tyr labeled 
lyophilized silk have indicated that Tyr CO, Cα, and Cβ have 13C chemical shifts of 173.3 
ppm, 56.4 ppm, and 36.3 ppm respectively (Figure 6.6). This result is in good agreement 
with the chemical shifts reported for the Tyr residues in GAGYGA motif in the liquid 
silk [10] where the Tyr residues are indicated to be present in disordered type II β-turn 
structures in the silk I. 
	
Figure 6.6. 2D through-bond 13C-13C DQ/SQ refocused INADEQUATE NMR correlation 
spectrum of lyophilized silkworm silk made from B. mori silkworms that were fed with [U-
2H/13C/15N]-phenylalanine. The inset shows the zoom-in spectrum of Tyr Cβ-Cγ, correlation 
peak. 
	 173 
6.4 Conclusions 
In this work, the conformations of the Ala, Ser, and Tyr residues in silk fibroin 
were investigated primarily by 2D 13C-13C correlation NMR spectroscopies, including 2D 
through-space 13C-13C DARR NMR spectroscopy and 2D through-bond 13C-13C DQ/SQ 
refocused INADEQUATE NMR spectroscopy. It is found that the Ala, Ser, and Tyr 
residues are all present in the disordered structures in the silk I, while show different 
conformations in the silk II. Specifically, the Ala residues are present in both amorphous 
domains composed of disordered structures and β-sheet crystalline domains with the 
primary sequence (GAGAGS)n and (GA)n, and the Ser residues are present primarily in 
β-sheet crystalline domains with the primary sequence (GAGAGS)n in the silk II. 
Furthermore, it is presumed that in the silk II the Tyr residues in the GAGAGY motif 
flanking the repetitive GAGAGS and (GA)n motifs are very likely in β-sheet structures, 
while the Tyr residues in the GAGYGA motif present in the linking regions between the 
repetitive GAGAGS sequences are in helix/β-turn structures. Additionally, It is illustrated 
that the Tyr residues are not present in β-sheet structures, otherwise, it is very likely 
present in disordered structures such as helical and β-turn structures in the silk I.  
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6.6 Supplementary Materials 
6.6.1 Protein sequence of silk fibroin 
Heavy chain (5263 residues, 391,593 Da) 
 
MRVKTFVILCCALQYVAYTNANINDFDEDYFGSDVTVQSSNTTDEIIRDASGAVI
EEQITTKKMQRKNKNHGILGKNEKMIKTFVITTDSDGNESIVEEDVLMKTLSDGT
VAQSYVAADAGAYSQSGPYVSNSGYSTHQGYTSDFSTSAAV (N-terminal) 
 
GAGAGAGAAAGSGAGAGAGYGAASGAGAGAGAGAGAGYGTGAGAGAGAGY
GAGAGAGAGAGYGAGAGAGAGAGYGAGAGAGAGAGYGAGAGAGAGAGYG
AGAGAGAGAGYGAASGAGAGAGYGQGVGSGAASGAGAGAGAGSAAGSGAG
AGAGTGAGAGYGAGAGAGAGAGYGAASGTGAGYGAGAGAGYGGASGAGAG
AGAGAGAGAGAGYGTGAGYGAGAGAGAGAGAGAGYGAGAGAGYGAGYGVG
AGAGYGAGYGAGAGSGAASGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGA
GSGAGAGSGAGAGSGAGAGSGTGAGSGAGAGYGAGAGAGYGAGAGSGAASG
AGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGAGAGYGAGAGAG
YGAGAGVGYGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGA
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GAGSGAGAGSGAGAGSGAGAGSGAGVGYGAGVGAGYGAGYGAGAGAGYGA
GAGSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSRSDGYEYAWSSDFGTGS (Linker 1) 
 
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGVGYGAGYGA
GAGAGYGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAG
SGAGAGSGAGAGSGAGAGSGAGAGSGAGVGSGAGAGSGAGAGVGYGAGAGV
GYGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAG
AGSGAGAGSGAGAGSGAGVGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAA
SGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGA
GAGSGAGAGSGAGAGSGAGAGYGAGAGAGYGAGYGAGAGAGYGAGAGSGA
ASGAGSGAGAGSGAGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSG
AGAGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAASGAGAGSGAGAGSGAG
AGSGA 
 
GAGSGAGAGSGAGAGSGAGAGSGAGVGYGAGYGAGAGAGYGAGAGSGAASG
AGAGAGAGAGTGSSGFGPYVAHGGYSGYEYAWSSESDFGTGS (Linker 2) 
 
GAGAGSGAGAGSGAGAGSGAGAGSGAGYGAGVGAGYGAGYGAGAGAGYGA
GAGSGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSG
AGAGSGAGAGYGAGYGAGAGAGYGAGAGSGAGSGAGAGSGAGAGSGAGAGS
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGY
GAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGVGSGAGAGSGAGAGSGAGAG
SGAGAGYGAGYGAGAGAGYGAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGA
GSGAGAGSGAGAGSGAGAGSGAGVGYGAGVGAGYGAGYGAGAGAGYGAGA
GSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESDFGTGS (Linker 3) 
 
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGYGAGAGAGYGAGAGSGA
GSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGSGSGA
GAGSGAGAGSGAGAGYGAGVGAGYGVGYGAGAGAGYGAGAGSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVAHGGYSGYEYAWSSESDFGTGS (Linker 4) 
 
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGAGYG
AAYGAGAGAGYGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGAGAGS
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGAGAGYGAGAGSG
AGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGSGSGAGAGSGAGAGSG
AGAGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAGSGAGAGSGAGAGYGAG
AGAGYGAGYGAGAGAGYGAGAGTGAGSGAGAGSGAGAGSGAGAGSGAGAGS
GAGAGSGAGAGSGAGSGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAG
AGYGAGAGAGYGAGYGAGAGAGYGAGAGSGAGSGAGAGSGAGAGSGAGAG
SGAGAGYGAGYGAGAGSGAAS 
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GAGAGAGAGAGTGSSGFGPYVAHGGYSGYEYAWSSESDFGTGS (Linker 5) 
 
GAGAGSGAGAGAGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGYGAGAGS
GTGSGAGAGSGAGAGYGAGVGAGYGAGAGSGAAFGAGAGAGAGSGAGAGSG
AGAGSGAGAGSGAGAGSGAGAGYGAGYGAGVGAGYGAGAGSGAASGAGAGS
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGY
GAGAGSGAASGAGAGSGAGAGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAG
SGAGAGSGAGAGYGAGAGSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESDFGTGS (Linker 6) 
 
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGY
GAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAG
YGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGA
GYGAGVGAGYGVGYGAGAGAGYGAGAGSGAGSGAGAGSGAGAGSGAGAGS
GAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGYGVGYGAG
AGAGYGAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGSGA
GAGSGAGAGYGAGVGAGYGVGYGAGAGAGYGAGAGSGAGSGAGAGSGAGA
GSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGSGAG
AGSGAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGAGYGVGYGA
GVGAGYGAGAGSGAASGAGAGSGAGAGAGSGAGAGSGAGAGSGAGAGSGAG
AGSGAGAGSGAGAGYGAGYGAGVGAGYGAGAGVGYGAGAGAGYGAGAGSG
AASGAGAGAGSGAGAGTGAGAGSGAGAGYGAGAGSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESDFGTGS (Linker 7) 
 
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGAGYGAGAGSGAGSGAG
AGSGAGAGSGAGAGSGAGAGSGAGAGYGAGAGSGTGSGAGAGSGAGAGSGA
GAGSGAGAGSGAGAGSGAGAGSGVGAGYGVGYGAGAGAGYGVGYGAGAGA
GYGAGAGSGTGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAG
AGYGAGVGAGYGVGYGAGAGAGYGAGAGSGAGSGAGAGSGAGAGSGAGAG
SGAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGYGVGYGA
GAGAGYGAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGSG
AGAGSGAGAGYGAGVGAGYGVGYGAGAGAGYGAGAGSGAGSGAGAGSGAG
AGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGSGA
GAGSGAGAGYGAGVGAGYGVGYGAGAGAGYGAGAGSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESDFGTGS (Linker 8) 
 
GAGAGSGAGAGSGAGAGYGAGYGAGVGAGYGAGAGVGYGAGAGAGYGAGA
GSGAASGAGAGAGAGAGSGAGAGSGAGAGAGSGAGAGYGAGYGIGVGAGYG
AGAGVGYGAGAGAGYGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGA
GAGSGAGAGSGAGAGYGAGYGAGVGAGYGAGAGVGYGAGAGAGYGAGAGS
GAASGAGAGAGAGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAG
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AGSGAGAGSGAGAGSGAGAGYGAGVGAGYGAGYGGAGAGYGAGAGSGAAS
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGAGSGAAS 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESDFGTGS (Linker 9) 
 
GAGAGSGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAASGA
GAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGSGAGAGSGAGAGSG
AGAGSGAGAGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAASGAGAGSGAG
AGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGSGAGAGY
GAGYGAGVGAGYGAGAGVGYGAGAGAGYGAGAGSGAASGAGAGSGSGAGS
GAGAGSGAGAGSGAGAGAGSGAGAGSGAGAGSGAGAGYGAGYGAGAGSGAA
S 
 
GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESDFGTGS (Linker 10) 
 
GAGAGSGAGAGSGAGAGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAGSGA
GAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGYG
AGAGAGYGAGAGVGYGAGAGAGYGAGAGSGAGSGAGAGSGSGAGAGSGSGA
GSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGYGIG
VGAGYGAGAGVGYGAGAGAGYGAGAGSGAASGAGAGSGAGAGSGAGAGSG
AGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGAGVGYGA
GAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSG
AGSGAGAGSGAGAGYGAGYGAGVGAGYGAGAGYGAGYGVGAGAGYGAGAG
SGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGSGAGAGYGAGAGA
GYGAGAGAGYGAGAGSGAASGAGAGAGAGSGAGAGSGAGAGSGAGSGAGAG
SGAGAGYGAGAGSGAASGAGAGSGAGAGAGAGAGAGSGAGAGSGAGAGYGA
GAGSGAAS 
 
GAGAGAGAGTGSSGFGPYVANGGYSRREGYEYAWSSKSDFETGS (Linker 11) 
 
GAASGAGAGAGSGAGAGSGAGAGSGAGAGSGAGAGS 
 
VSYGAGRGYGQGAGSAASSVSSASSRSYDYSRRNVRKNCGIPRRQLVVKFRALP
CVNC (C-terminal) 
 
Light Chain (262 residues, 27669 Da) 
MKPIFLVLLVATSAYAAPSVTINQYSDNEIPRDIDDGKASSVISRAWDYVDDTDK
SIAILNVQEILKDMASQGDYASQASAVAQTAGIIAHLSAGIPGDACAAANVINSYT
DGVRSGNFAGFRQSLGPFFGHVGQNLNLINQLVINPGQLRYSVGPALGCAGGGRI
YDFEAAWDAILASSDSSFLNEEYCIVKRLYNSRNSQSNNIAAYITAHLLPPVAQVF
HQSAGSITDLLRGVGNGNDATGLVANAQRYIAQAASQVHV 
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6.6.2 Supporting figures and tables 
 
Figure 6.7. 1Hà13C CP-MAS spectra of (a) degummed silk collected from B. mori silkworms 
that were fed with [U-2H/13C/15N]-serine, (b) lyophilized silk made from [U-2H/13C/15N]-serine 
labeled degummed B. mori silk, (c) degummed silk collected from B. mori silkworms that were 
fed with [U-2H/13C/15N]-phenylalanine, and (d) lyophilized silk made from [U-2H/13C/15N]-
phenylalanine labeled degummed B. mori silk. The spectra were collected at 20 kHz MAS and a 1 
ms CP contact time. The spectra were collected with the same number of scans (4096 scans) and 
processed with the same exponential line broadening (lb = 100 Hz). 
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Table 6.2. 13C Chemical Shifts (in ppm from TMS) of Amino Acid Residues in liquid silk in B. 
mori gland, regenerated B. mori silk solution, degummed B. mori silk and lyophilized B. mori 
silk. 
 
 
 
 
 
 
 
 
 
 
 
Residue Liquid Silk in Gland [10] 
Regenerated Silk 
Solution Degummed Silk  Lyophilized Silk  
Gly Cα 43.0 43.0 43.3 43.2 
Gly CO 171.9 - 169.5 171.0 
Gly NH 107.5/107.9/110.8 107.5/107.9/110.8 - - 
Ala Cα 50.5 50.5 49.6 50.8 
Ala Cβ 16.9 16.9 17.3/20.8 16.6 
Ala CO 175.9 - 172.8 173.9 
Ala NH 123.5 123.5 - - 
Ser Cα 56.3 56.4 55.3 56.2 
Ser Cβ 61.7 61.7 63.8 61.6 
Ser CO 173.0 - 170.9 171.8 
Ser NH 114.7/115.3 114.7/115.3 - - 
Tyr Cα 56.1 56.0 54.7 56.4 
Tyr Cβ 36.6 36.5 36.3/40.5 36.3 
Tyr Cγ 128.4 - 127.4 127.3 
Tyr Cδ 130.9 131.0 130.3 130.6 
Tyr Cε 115.8 116.0 115.3 115.4 
Tyr Cζ 155.0 - 155.8 156.0 
Tyr CO 173.0 - 171.2 173.3 
Tyr NH 119.8 119.8 - - 	
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